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ABSTRACT 


This  report  covers  in  detail  the  solid  state  research  work  of  the  Solid 
State  Division  at  Lincoln  Laboratory  for  the  period  1  August  through 
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Quantum  Electronics,  Materials  Research,  Microelectronics,  and 
Analog  Device  Technology.  Funding  is  provided  primarily  by  the  Air 
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SDIO,  NASA,  and  DOE. 
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INTRODUCTION 


SOLID  STATE  DEVICE  RESEARCH 

A  Ti:LiNb03  serrodyne  optical  frequency  translator  with  42-dB  overall  sideband  suppression  for 
frequency  shifts  of  40  kHz  has  been  demonstrated.  The  device  utilizes  a  single-polarization 
waveguide  design  and  a  specialized  sawtooth  drive  circuit. 

Mach-Zehnder  interferometer  arrays  have  been  operated  at  0.458  jum,  0.82  /x m  and  3.39  jum. 
Interferometers  in  the  20-element  arrays  were  reproducibly  fabricated  with  extinction  ratios  >17  dB; 
the  measured  input  phase  biases  were  determined  predominantly  by  the  photolithographic  mask. 

GalnAsP/lnP  buried-heterostructure  lasers  fabricated  on  p-InP  substrates  offer  considerable 
advantages  in  terms  of  reduced  series  resistance  because  of  the  large-area  p-contact.  A  simple 
formula  has  been  derived  that  permits  an  accurate  calculation  of  the  spreading  resistance  in  the 
p-InP. 


2.  QUANTUM  ELECTRONICS 

Low  threshold  operation  has  been  achieved  in  a  Ti:Al203  laser  pumped  at  room  temperature  by  a 
multiline  Ar  laser.  The  use  of  a  near  concentric  laser  cavity  resulted  in  a  threshold  of  1.8  W  when  the 
pump  was  chopped  at  a  4.2%  duty  cycle  and  2.2  W  when  chopped  at  50%  duty  cycle. 

Initial  work  on  cavity  design  for  a  frequency-agile  laser  has  demonstrated  the  fast-tuning  capability 
of  a  simple  electro-optic  birefringent  filter.  The  filter  (a  commercial  Pockels  cell)  is  used  inside  the 
laser  cavity  and  is  tunable  through  the  gain  bandwidth  of  a  dye  laser  when  driven  by  moderate 
voltages  (under  1  kV), 

Preliminary  frequency-doubling  and  damage  threshold  experiments  were  performed  on  KTP  crystals 
irradiated  with  a  focused  1 -jus-long  laser  pulse  operating  at  a  wavelength  of  1.645  jum.  Significant 
variation  in  the  resistance  to  damage  was  observed  both  between  crystals  and  within  a  single  crystal. 

3.  MATERIALS  RESEARCH 

A  seeded  thermal-gradient-freeze  technique  has  been  used  to  grow  Ti:Al203  single  crystals  for 
tunable  lasers  from  charges  containing  between  0.15-  and  0.5-mole  percent  Ti2C>3.  For  the  most 
heavily  doped  crystal,  the  highest  optical  absorption  coefficient  measured  at  the  peak  of  the  Ti3+ 
pump  band  is  5  cm-1,  corresponding  to  an  estimated  Ti203  concentration  of  0.19  weight  percent. 

Both  GaAs  MESFETs  and  Si  MOSFETs  have  been  fabricated  on  a  monolithic  GaAs/Si  substrate 
prepared  by  the  growth  of  GaAs  epitaxial  layers  on  selected  areas  of  a  Si  wafer.  The  operating 
characteristics  of  the  GaAs  and  Si  devices  are  comparable  to  those  of  similar  devices  fabricated  on 
separate  GaAs  and  Si  wafers. 

Photoconductive  detectors  with  response  times  of  —60  and  —40  ps  (FWHM),  respectively,  have  been 
fabricated  in  GaAs  layers  grown  by  molecular  beam  epitaxy  on  silicon  and  silicon-on-sapphire 
wafers.  Such  detectors  could  be  combined  readily  with  GaAs  logic  devices  such  as  MESFETs  to 
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provide  high-speed  optical  to  electrical  conversion  for  optical  interconnects  that  aie  integrated  with 
Si  circuits  on  a  monolithic  GaAs/ Si  substrate. 

Fully  functional  1-K  static  random-access  memories  have  been  fabricated  by  a  coplanar  CMOS 
process  in  Si-on-insulator  films  prepared  by  zone-melting  recrystallization.  These  memories,  each 
containing  about  8200  transistors  with  a  minimum  feature  size  of  4  /urn,  are  superior  in  speed 
performance  to  commercial  bulk  Si  memories  of  similar  configuration. 

Double-heterostructure  solar  cells  have  been  fabricated  from  wafers  prepared  by  using  organometallic 
chemical  vapor  deposition  to  grow  a  p  GaAs  absorbing  layer  sandwiched  betwen  p+  and  n*  AlGaAs 
layers.  The  best  cell,  which  incorporates  an  abrupt  AlGaAs/GaAs  shallow  heterojunction,  exhibits  a 
global  AMI  one-sun  conversion  efficiency  of  23%. 

4.  MICROELECTRONICS 

A  novel  single-sideband  balanced  monolithic  mixer  has  been  fabricated  for  use  at  44  GHz.  The 
mixer  has  a  single-sideband  noise  figure  of  6.5  dB  flat  to  within  0.5  dB  over  a  2-GHz  band  centered 
at  44  GHz, 

A  new  heterojunction  charge-coupled  device  has  been  demonstrated  in  which  the  carriers  are 
confined  to  a  narrow  quantum  well  consisting  of  a  140-A  layer  of  GaAs  clad  on  both  sides  by 
A^Ga^As.  The  carrier  confinement  minimizes  the  charge  packet  volume  and  therefore  bulk 
trapping  effects.  A  16-stage  CCD  has  been  operated  at  a  1-MHz  clock  and  showed  no  measureable 
trapping  effects. 

Excimer-laser  patterning  of  crystalline  diamond  and  diamond-like  carbon  thin  films  was  performed 
in  the  direct-writing  and  optical-projection  modes.  Linewidths  as  narrow  as  0.13  fim  were  etched 
with  single  0.193  /im  wavelength  laser  pulses.  The  effectiveness  of  the  diamond-like  carbon  thin  films 
for  submicrometer  resolution  lithography  of  semiconductors  was  demonstrated. 

A  new  anistropic  dry  etching  technique  (hot  jet  etching)  that  does  not  require  ions  or  plasmas  has 
been  developed.  The  anisotropic  etching  is  obtained  from  a  directed  flux  of  chemically  reactive 
species.  The  reactive  species  are  obtained  by  thermally  decomposing  comparatively  unreactive  feed 
gases  in  a  resistively  heated  tube.  Etch  rates  as  high  as  5  fim/ min  have  been  obtained  with  CI2  and 
GaAs  samples. 


5.  ANALOG  DEVICE  TECHNOLOGY 

A  dual-channel,  256-sample,  128-tap  analog-binary  CCD  has  been  designed  and  fabricated  for  use  as 
a  correlator.  To  facilitate  a  wide  range  of  applications,  the  device,  which  will  operate  at  25  MHz 
with  50-dB  dynamic  range,  has  been  architectured  to  be  flexible,  self-contained,  and  simple  to  use. 
Preliminary  tests  at  5  MHz  have  demonstrated  functionality  of  the  device  as  well  as  compatibility 
with  commercial  CCD  foundries. 

An  optically  addressed  output  technique  for  MOS  and  MNOS  arrays,  in  particular  imagers,  has 
been  developed.  Storage  wells  containing  signals,  represented  by  packets  of  charge  existing  in  either 
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nonvolatile  storage  in  the  gate  dieted  tic  oi  volatile  dynamic  storage  in  an  inversion  layer,  are 
addressed  and  discharged  by  a  scanned  beam  of  light.  Output  is  measured  as  a  substrate  current  and 
requires  only  two  electrodes  on  the  array. 

A  spread-spectrum  radio  that  exploits  100-M  ll/  bandwidth  surface-acoustic-wave  (SAW)  convolvers 
and  binary-quantized  digital  post-processing  circuits  hits  been  developed  to  provide  data  communications 
iit  rates  that  range  from  1.45  Mbps  down  to  44  bps  with  the  commensurate  and  almost  ideal  trade 
for  signal  processing  gain  of  18  dB  up  to  61  dB.  T  his  processing,  in  combination  with  error 
correction,  permits  efficient  demodulation  even  in  the  presence  of  severe  interference  within  a 
multipath  environment.  The  signal  processing  also  facilitates  radio  ranging  measurements  to  a 
3-meter  resolution. 
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1.  SOLID  STATE  DEVICE  RESEARCH 


1.1  SERRODYNE  OPTICAL  FREQUENCY  TRANSLATION 
WITH  HIGH  SIDEBAND  SUPPRESSION 

Guided-wave  serrodyne  optical  frequency  shifters  are  being  developed  for  a  variety  of 
applications,  such  as  the  phase-nulling  optical  fiber  gyroscope.1'2  Here  we  present  experimental 
results  on  a  Ti.’LiNbOj  serrodyne  frequency  translator  that  utilizes  a  single-polari/ation 
waveguide  design  and  a  specialized  sawtooth  drive  circuit.  Overall  sideband  suppression  of  42  dB 
was  achieved  for  frequency  shifts  up  to  40  kHz.  The  sideband  suppression  was  nearly 
independent  of  the  input  polarization  state.  This  is  the  highest  known  overall  sideband 
suppression  yet  reported  for  such  a  device. 

Serrodyne  optical  frequency  translation^  is  realized  by  applying  sawtooth  phase  modulation 
to  an  optical  signal.  Ideally,  the  sawtooth  has  an  infinitely  fast  fall  time  and  an  amplitude  equal 
to  27rn  radians,  where  n  is  an  integer.  This  yields  a  frequency  shift  Af  =  n/T  with  100% 
conversion  efficiency,  where  T  is  the  sawtooth  period.  Nonideal  sawtooth  modulation  results  in 
additional  sidebands  at  integral  multiples  of  1/T. 

Serrodyne  optical  frequency  translation  was  tested  by  means  of  a  guided-wave  Mach-Zehnder 
interferometer  and  sawtooth  drive  circuit,  as  shown  in  Figure  1-1.  The  drive  circuit  provides  a 


OPTICAL 

OUTPUT 


Figure  /-/.  Schematic  illustration  of  waveguide  device  and  sawtooth  drive  circuit  for  evaluating  serrodyne 
frequency  translation 


high-quality  sawtooth  signal  at  the  serrodyne  test  frequency  At2,  which  is  applied  to  one  arm  of 
the  interferometer,  a  lower-quality  sawtooth  signal  at  a  much  higher  frequency  Af(  is  applied  to 
the  other  arm.  I  his  arrangement  enabled  both  the  fundamental  frequency  shift  at  Afj  +  Af2  and 
the  various  sidebands  at  Af  t  ±  m  Af2  (m  =  0,  1,  2,  3,  .  .  .)  associated  with  Af2  frequency  shifting 
to  be  measured  easily  on  a  spectrum  analyzer. 

The  ramp  portion  of  the  sawtooth  is  generated  by  applying  a  constant  current  to  a 
capacitor,  which  results  in  a  linear  increase  in  capacitor  voltage.  Restarting  the  ramp  is 
accomplished  using  a  comparator  and  FET  switch  to  discharge  the  capacitor  periodically.  This 
implementation  permits  independent  control  of  the  sawtooth  frequency  and  amplitude  by 
adjusting  the  charging  current  and  comparator  reference  voltage,  respectively.  The  circuit  can 
operate  at  sawtooth  frequencies  as  high  as  40  kHz  with  fall  times  as  short  as  100  ns.  Since 
LiNb03  phase  modulators  are  polarization  sensitive,  simultaneous  input  excitation  of  the  TE  and 
TM  modes  as  well  as  coupling  and  scattering  between  these  modes  can  limit  overall  sideband 
suppression.  This  effect  is  minimized  here  by  suppressing  TM  mode  transmission.  The  waveguide 
fabrication  parameters  were  chosen  to  provide  single-mode  operation  at  0.85  jum  with  a  well- 
confined  TE  mode  and  a  nearly  cutoff  TM  mode.  The  TM  signal  therefore  is  highly  attenuated 
through  the  branches  and  bends  of  the  interferometer. 

The  device  was  tested,  as  shown  in  Figure  1-1,  by  applying  5-kHz  and  40-kHz  sawtooth 
signals  from  the  drive  circuit  and  a  function  generator,  respectively.  A  polarizer  was  placed  at  the 
device  input  to  adjust  the  relative  excitation  of  the  TE  and  TM  modes.  Light  was  endfire-coupled 
into  the  device  from  a  0.85-/im  diode  laser,  and  the  output  of  the  detector  was  displayed  on  a 
spectrum  analyzer.  The  sawtooth  voltages  were  adjusted  to  maximize  overall  sideband 
suppression.  Shown  in  E'igure  l-2(a)  is  the  result  when  the  polarizer  is  set  at  0°  to  minimize  TM 
mode  excitation.  As  can  be  seen,  the  overall  sideband  suppression  is  about  42  dB.  The  sawtooth 
and  phase  modulation  amplitudes  are  9.0  V  and  2  n  radians,  respectively.  Shown  in  Figure  l-2(b) 
is  the  result  when  the  polarizer  is  set  at  45°  to  excite  equally  both  TE  and  TM  modes.  The 
sideband  suppression  is  only  slightly  lower  at  40  dB,  thereby  indicating  the  effectiveness  of 
suppressing  TM  mode  transmission.  Comparable  sideband  suppression  has  been  achieved  for 
frequency  shifts  up  to  40  kHz. 

L.M.  Johnson 
C.H.  Cox, Ill 

1.2  PERFORMANCE  AND  REPRODUCIBILITY  OF  MACH-ZEHNDER 

INTERFEROMETER  ARRAYS  IN  Ti:LiNb03  OPERATING  AT  WAVELENGTHS 

FROM  0.458  fjan  to  3.39  fim 

Integrated  guided-wave  optical  devices  formed  from  Ti:LiNb03  are  being  investigated  for 
measurement  and/or  analog  processing  of  optical  wavefronts.  An  integrated  optical  device 
consisting  of  an  array  of  interferometers  and  straight  waveguides  for  wavefront  measurement  is 
the  first  such  device  whose  performance  has  been  evaluated.4  Concepts  to  vary  the  phase  contour 
and/or  to  vary  the  intensity  contour  of  the  wavefront  are  under  study.  In  analog  processing,  high 
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Figure  1-2.  Experimental  results  obtained  when  Afj  -  5  kHz  and  \f /  =  40  k  Hz  with  input  polarizer  set  at 
(a)  0°  (TE  excitation )  and  (b)  45°  (both  TE  and  TM  excitation).  The  dominant  component  is  at  45  kHz  and 
the  sideband  spacing  is  5  kHz. 


accuracy  in  the  output  (up  to  three  significant  figures)  is  desirable,  thus  uniformity  and 
reproducibility  are  of  paramout  importance.  The  uniformity  and  reproducibility  obtained  for 
wavefront  measurement  sensors  is  reported  here.  To  show  the  applicability  of  Ti:LiNbOj  for 
analog  processing  throughout  its  transparent  range  of  **»  0.4-4.0  pm,  wavefront  measurement 
sensors  have  been  fabricated  for  GaAs  lasers  (0.82  mui),  for  infrared  HeNe  lasers  (3.39  Mm).  and 
for  argon  lasers  (0.458  jxin). 

In  the  simplified  one-dimensional  sensor  presently  being  investigated,  variations  of  intensity 
and  phase  along  the  wavefront  are  measured  using  an  array  of  20  straight  guides  (for  intensity) 
and  20  Mach-Zehnder  interferometers  (for  phase).  Most  of  the  experiments  have  been  at  the 
GaAs  laser  wavelength  (0.82  nm),  where  a  wavefront  sensor  consisting  of  a  Mach-Zehnder 
interferometer  using  discrete  optical  components  is  commercially  available.5  The  integrated  optics 
sensor4-6  has  advantages  in  performance  and  simplicity  of  construction  over  the  sensor  now 
available. 


For  equal  illumination  of  the  waveguides,  the  interferometer  output  power  is  given  by 


P 


(1-D 


where  P  is  the  output  power  of  the  straight  waveguide.  Experimentally,  a  planar  wavefront  was 
tilted  to  vary  the  phase  difference  d>  between  the  two  arms  of  the  interferometer.  Figure  1  -3(a) 
shows  the  comparison  of  the  experimental  results  with  the  theory  of  Equation  (1-1).  The  results 
have  been  normalized  to  compensate  for  variations  of  up  to  20%  in  the  loss  factor  B  from 
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Figure  1-3.  (a)  Performance  of  20-interferometer  array  w  ith  incident  0.82-fim  radiation  and  a  readout  using  a 

silicon  imaging  CCD  The  outputs  at  the  'nulls’  at  ±  180°  are  due  to  crosstalk  in  the  CCD  designed  for  the 
visible  The  curves  have  been  shifted  in  phase  so  the  maxima  for  the  interferometers  occur  at  0°.  (b)  Histogram 
of  the  imbalance  in  the  lengths  of  the  arms  of  each  interferometer  obtained  from  the  above  shift  in  0  (solid 
line).  The  number  of  the  interferometer  in  the  array  is  noted.  The  dashed  lines  are  data  taken  nine  months 
earlier  and  plotted  with  a  slightly  higher  resolution  on  a  different  array.  The  two  arrays  were  fabricated  with 
the  same  photomask. 


interferometer  to  interferometer.  Techniques  such  as  using  input  antennas  will  reduce  the 
variations.7  These  variations  are  reproducible  from  run  to  run  and  therefore  can  be  reduced 
significantly  by  computer  post-processing. 
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I  he  value  of  the  phase  bias  0O  in  Equation  (1-1)  depends  on  the  imbalance  in  the  lengths  of 
the  arms  ot  the  interferometers.  The  curves  in  Figure  1  -3(a)  have  been  shifted  in  phase  so  all  the 
maxima  occur  at  0°.  From  this  shift,  </>Q  and  thus  the  equivalent  length  imbalance  has  been 
determined.  Figure  1  -3(b)  shows  the  imbalance  for  the  data  of  Figure  l-3(a)  and  for  data 
obtained  nine  months  earlier.  For  these  earlier  data,  a  different  GaAs  laser,  a  different  array,  and 
a  different  output  detection  scheme  were  used.  Only  the  mask  used  to  fabricate  the  two 
integrated-optics  arrays  was  the  same.  The  remarkable  agreement  in  the  imbalance  illustrates  the 
reproducibility  of  the  integrated-optics  components.  Devices  tested  over  a  two-year  time  span 
have  shown  no  change  in  this  imbalance  in  interferometer  arm  lengths,  which  can  be  easily 
compensated  for  by  putting  electrodes  across  one  arm  and  using  the  electro-optic  effect,  or  by 
computer  post-processing. 

Wavefronts  at  A  =  3.39  pm  have  been  measured  by  the  integrated-optics  measurement  sensor. 
In  Figure  1-4,  data  for  a  diverging  beam  are  compared  to  the  theoretical  result  for  a  point  source 
1.65  m  from  the  interferometer  input.  These  data  are  not  corrected  for  the  interferometer 
imbalances  described  above,  which  have  an  insignificant  effect  at  3.39  /im. 

Figure  1-5  shows  results  similar  to  those  of  Figure  1-3  for  A  =  0.458  /im.  In  these  first 
results,  the  maximum  power  output  from  any  waveguide  was  10"11.  No  photorefractive  effect  has 
been  observed  at  these  powers.  The  outputs  at  the  nulls  at  ±180°  were  due  to  preamplifier  noise 
in  the  detection  system.  The  extinction  ratio,  limited  by  this  noise,  was  better  than  17  dB. 

R.H.  Rediker 
T.A.  Lind 
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Figure  1-4.  The  optical  path  difference  (OPD)  measured  by  a  20-interferometer  array  with  incident  3.39-pm 
radiation  is  compared  with  OPD  expected  (solid  curve)  for  a  beam  diverging  from  a  point  source  1.65  m 
distant. 
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Figure  1-5.  Performance  of  interferometer  array  at  0.458  fim.  The  curves  have  been  shifted  in  <f>  so  the 
maxima  for  the  interferometers  occur  at  0°. 


1.3  SERIES  RESISTANCE  IN  GalnAsP/InP  BURIED-HETER0S1  RUCTURE 
LASERS  FABRICATED  ON  p-TYPE  SUBSTRATES 

Recent  development8-10  of  GalnAsP/InP  buried-heterostructure  diode  lasers  using  p-InP 
substrates  offers  considerable  advantages  due  to  the  large-area  p  contact,  since  the  p  contact  is 
difficult  to  fabricate  and  has  high  specific  contact  resistance.  In  these  devices,  the  total  electrical 
resistance  likely  will  be  dominated  by  the  spreading  resistance  in  the  p-InP,  which  has 
considerably  higher  resistivity  than  n-InP.  In  this  work,  the  spreading  resistance  has  been 
analyzed,  and  a  simple  formula  has  been  derived  that  permits  an  accurate  calculation. 

The  electrical  current  flow  in  the  substrate  of  a  p-InP  substrate  BH  laser  is  illustrated  in 
Figure  1-6  for  a  laser  with  a  100  jum  X  100  jxm  substrate  cross  section  contacted  at  the  bottom 
surface.  In  forward  bias,  current  starts  from  the  large-area  p  contact  and  flows  into  the  narrow 
GalnAsP  active  layer  (seen  as  a  2-^m-wide  segment).  The  voltage  distribution  for  this  device 
geometry  can  be  analyzed  conveniently  by  using  conformal  mapping1 1  from  the  simple  case  of 
current  flowing  from  all  directions  into  a  slit.  The  latter  is  shown  in  Figure  l-7(a),  where  the 
equipotentials  in  the  z  plane  (z  =  x  +  iy)  are  confocal  ellipses  given  by 

x2  y2 

- ; —  + — h —  =  i  ,  (i-: 

cosh2  sinh2 

where  <I>  is  the  potential.  The  equipotential  contours  become  nearly  circular  for  4>  ^  2.  In  order 
to  determine  the  equipotentials  for  our  device  geometry  shown  in  Figure  1-6,  we  map  the  upper 
z  plane  into  a  strip  in  the  upper  w  plane  (w  =  u  +  iv)  as  shown  in  Fig.  l-7(b)  using  the 
coordinate  transformation1 1 


z  = 


sin 
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Figure  1-6.  Calculated  current  and  voltage  distributions  in  a  p-substrate  Ga/nAsP/ InP  buried-heterostructure 
laser .  The  solid  and  dashed  curves  are  the  equipotentials  and  streamlines,  respectively.  The  equipotentials  are 
shown  in  voltage  increments  of  0.1  V.  The  junction  voltage  at  the  GalnAsP  active  region  is  0.98  V J2 

where  W  and  s  are  the  half  widths  of  the  active  region  and  p  substrate,  respectively.  By 
combining  Equations  (1-2)  and  (1-3),  the  potential  4>(u,  v)  is  obtained,  which  then  is  converted 
into  the  voltage  distribution  V(u,  v)  by12 

V(u,  v)  =  -4- 4>(u,  v)  +  VQ  ,  (1-4) 

7rL  v 

where  p  is  the  resistivity  of  the  p-lnP,  I  is  the  current,  L  is  the  device  length,  and  Vq  is  the 
junction  voltage  at  the  quaternary  active  region.  (Vq  =  0.98  V  when  the  device  is  lasing.12)  Note 
in  Figure  1  -7(b),  that  when  v  >  s,  the  equipotentials  approach  horizontal  lines,  and  one  of  them 
will  closely  approximate  the  p  contact,  as  shown  in  Figure  1-6. 

To  calculate  the  spreading  resistance,  only  the  voltage  difference  between  the  p  contact  and 
the  quaternary  active  region  needs  to  be  evaluated.  This  can  be  done  easily  by  considering  only 
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Figure  1-7.  The  conformal  mapping  used  to  calculate  the  current  and  voltage  distributions  in  the  p-substrate 
buried-heterostructure  laser.  The  solid  and  dashed  curves  are  the  equipotentials  and  streamlines,  respectively . 
Part  (a)  shows  the  simple  case  of  current  flowing  (uniformly  from  all  directions  at  infinity)  into  a  slit  that  is 
maintained  at  a  constant  potential  of  <f>  =  0. 
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the  transformation  [Equation  (1-3)]  along  the  imaginary  axes  and  by  noting  that  <t>  =  sinh^y 
when  x  =  0.  Thus,  the  spreading  resistance  is  given  by 


R  = 


P 

7T  L 


sinh'1 


sinh 


7TV 

2s 


sin 


7T  W 

2s 


(1-5) 


[Note  that  sinlr’y  can  be  conveniently  expressed  as  In  (y  +  \/y2  +  1).]  Equation  (1-5)  correctly 
reduces  to  R  =  pv/2sL  when  W  =  s. 


Equation  (1-5)  allows  for  a  direct  computation  of  the  spreading  resistance  R  from  the  device 
geometry  and  the  resistivity.  Figure  1-8  shows  that  R  varies  slowly  with  2s  until  2s  <  v.  For 
typical  discrete  devices,  2s  —  200  /urn  and  spreading  resistances  of  5-6  fl  are  obtained  from 
Figure  1-8  for  active  region  widths  of  1-3  /um  and  for  p  =  0.089  fl  cm  (corresponding  to  a  hole 


Figure  1-8.  Calculated  spreading  resistance  for  the  p-suhstate,  huried-heterostructure  laser  as  a  function  of 
the  .device  geometry. 
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concentration  of  1  X  1018  cm*3  with  a  hole  mobility  of  70  cm2/V  s).  Our  recent  experimental 
values  of  the  total  device  resistances  were  >  10  Cl,  indicating  that  perhaps  the  contact  resistances 
were  not  negligible.  It  is  worth  noting  that  with  minor  modifications  Equation  (1-5)  also  can  be 
used  to  calculate  the  thermal  resistance,  provided  that  the  device  is  mounted  junction-side-up  on 
a  heatsink  and  that  all  the  heat  is  generated  near  the  active  region. 

In  conclusion,  a  simple  formula  has  been  derived  that  permits  an  accurate  calculation  of  the 
spreading  resistance  in  p-substrate  buried-heterostructure  lasers.  It  is  highly  valuable  in  the  device 
design  and  in  minimizing  the  series  resistance. 

Z-L.  Liau 
J.N.  Walpole 
D.Z.  Tsang 
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2.  QUANTUM  ELECTRONICS 


2.1  Ti:Al203  LASER  EXPERIMENTS 

Experiments  are  being  carried  out  that  are  directed  towards  the  development  of  a  stable, 
widely-tunable  Ti: A120j  master  oscillator.  A  multiline  Ar  laser  was  used  to  optically  pump  a 
room  temperature  TiiA^Oj  laser  in  a  near  concentric  cavity  consisting  of  two  spherical  mirrors 
(R  =  10  cm)  spaced  by  18  cm  apart.  The  front  mirror,  through  which  70%  of  the  radiation  was 
injected  using  a  16  cm  focal  length  lens,  reflects  nearly  100%  in  the  700-850  nm  region.  The  back 
mirror  couples  out  1%  in  that  region.  The  Ti:Al203  sample  was  3.2  cm  long,  had  antireflection 
(AR)  coated  surfaces,  and  had  been  used  in  previous  laser  experiments,1  where  room-temperature 
operation  was  obtained  with  a  confocal  cavity  and  a  chopped  pump  beam  with  a  16%  duty  cycle. 

In  the  present  experiments,  the  use  of  the  near  concentric  cavity  resulted  in  the  lowest  laser 
threshold  to  date  in  a  TiiA^Oj  laser,  corresponding  to  a  1.8  W  of  pump  power  incident  on  the 
crystal.  About  120  mW  was  generated  at  780  nm  for  a  pump  level  of  6  W  and  4.2%  duty  cycle. 
From  the  data  in  Figure  2-1,  a  slope  efficiency  of  2.8%  is  obtained.  A  slope  power  efficiency  of 
60%  (86%  slope  quantum  efficiency)  previously  had  been  measured  for  the  same  crystal  under 
high  excitation  in  pulsed  experiments  using  a  30%  output  coupler.  The  difference  in  the  two 
results  could  be  due  to  the  large  difference  in  output  coupling  for  the  two  experiments  (1% 
versus  30%).  However,  this  would  imply  a  high  value  of  about  10%  for  the  internal  losses,  which 
is  inconsistent  with  considerably  lower  values  determined  from  relaxation  oscillation  transients.2 


PEAK  PUMP  POWER  (W) 


Figure  2-1.  Peak  output  pow  er  of  the  Ti.A^Oj  laser  vs  argon-ion  laser  peak  pump  power  incident  upon  the 
input  face  of  the  crystal  at  room  temperature.  The  two  curves  correspond  to  two  different  duty  cycles  (4.2% 
and  50%,  respectively)  of  the  mechanically  chopped  pump  beam. 
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An  important  reduction  of  the  quantum  efficiency  is  likely  to  arise  from  excessive  heating  of 
the  active  region  during  the  pulse;  this  is  being  investigated.  It  should  be  noted  that  efficiency  is 
not  an  issue  in  the  master  oscillator.  It  is,  however,  in  a  power  amplifier,  where,  fortunately,  it  is 
less  sensitive  to  internal  losses.  Power  amplifier  efficiency  as  high  as  that  of  the  already 
demonstrated  pulsed  oscillator3  can  be  expected. 

True  CW  laser  operation  previously  had  been  achieved  in  an  experiment1  where  the  Ti:Al203 
crystal  was  cooled  down  to  80  K.  In  the  present  experiment,  operation  at  a  50%  duty  cycle  was 
achieved  at  room  temperature,  although  at  reduced  laser  output,  as  shown  in  Figure  2.1.  True 
CW  operation  was  prevented  by  the  temperature  rise  of  the  pumped  region  since  nonradiative 
processes  become  important  above  room  temperature.  This  temperature  rise  was  even  higher 
because  of  the  poorer  (over  one  order  of  magnitude)  thermal  conductivity  of  AI2O3  at  300  K 
when  compared  to  that  at  80  K.  In  future  work,  we  expect  to  obtain  CW  lasing  by  using  the 
higher  quality  (and  hence  lower  laser  threshold)  Ti:Al203  material  presently  being  developed  and, 
if  necessary,  by  operating  somewhat  below  room  temperature. 

Insertion  of  a  100-jxm-thick  off-axis  etalon  in  the  laser  cavity  resulted  in  the  appearance  of  a 
set  of  lasing  frequencies  whose  spacing  was  determined  by  the  etalon  thickness.  By  tuning  the 
etalon  angle,  the  laser  wavelengths  were  scanned  across  the  relatively  narrow  free  spectral  range. 
Cavity  modifications  to  achieve  single  frequency  tuning  across  the  entire  gain  bandwidth  of  the 
Ti:Al203  system  are  underway. 

R.  Aggarwal* 

A.  Sanchez 

2.2  FAST  ELECTRO-OPTICAL  TUNING  FOR  A  FREQUENCY-AGILE  LASER  SYSTEM 

Fast  tuning  over  a  broad  (about  20%)  frequency  range  will  be  required  for  a  master 
oscillator  for  a  frequency  agile  laser  system.  Initial  tuning  experiments  have  been  performed  using 
a  CW  dye  laser;  this  has  permitted  the  development  and  evaluation  of  suitable  intracavity  tuning 
optics,  which  eventually  will  be  transferred  to  a  master  oscillator  using  Ti:Al203. 

Figure  2-2  shows  a  laser  with  an  intracavity  tuning  element;  while  a  dye  jet  is  shown  as  the 
gain  medium,  the  concepts  to  be  discussed  can  be  applied  to  other  types  of  lasers  with 
homogeneously  broadened  gain  and  well-defined  polarization  of  the  cavity  modes. 

Current  experiments  have  employed  a  dye  laser  pumped  by  a  multiline  AR  laser.  The  tuning 
optics  of  the  dye  laser  (tilted  plate  Lyot  filter)  were  removed  and  replaced  with  a  commercial 
Pockels  cell  with  AR  coated  windows,  with  the  cell  axis  at  an  adjustable  small  angle 
(1-6  degrees)  from  the  laser  cavity  axis. 


*  Author  not  at  Lincoln  Laboratory. 
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In  this  arrangement,  the  electro-optic  cell  works  both  as  a  mechanical  tuning  device  (when 
the  angle  offset  from  the  cavity  axis  is  changed)  and  as  a  voltage-controlled  tuning  element  with 
submicrosecond  response  time.  The  operation  of  the  device  can  be  understood  by  referring  to 
Figure  2-3.  With  no  applied  voltage,  the  Pockels  cell  behaves  as  a  uniaxial  birefringent  crystal 
with  optic  axis  misaligned  by  6  from  the  direction  of  laser  radiation  propagation.  Since  the 
Brewster  angle  orientation  of  the  jet  forces  the  laser  mode  polarization  to  be  vertical,  the  double¬ 
pass  transmission  of  the  cell  for  the  vertical  E-field  component  determines  the  amount  of 
roundtrip  feedback. 


LASER  OUTPUT  MIRROR 


DYE  JET 


PUMP  LIGHT 


Figure  2-2.  Tunable  laser  cavil y. 


Figure  2-3.  Principle  of  operation  of  the  electro-optic  tuning  device, 
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With  the  geometry  of  Figure  2-3,  the  cell  transmission  is  wavelength  dependent  with  maxima 
(100%)  satisfying  the  condition 

AnL  =  m\/2  , 

where  m  is  an  integer  and  An  is  the  difference  between  the  refractive  indices  for  the  E-field 
components  along  the  directions  indicated.  Thus,  An  is  proportional  to  the  square  of  the  angle  6 
for  small  angles. 

When  a  voltage  V  is  applied  to  the  E-O  cell,  the  (longitudinal)  Pockels  effect  induces  an 
additional  birefringence,  proportional  to  the  voltage:  the  total  birefringence  is 

An  =  (ne  -  no)02  +  n03rV/L 

where  r  is  the  electro-optic  coefficient  of  the  cell  crystal  (KD*P).  Thus,  the  wavelength  of 
maximum  transmission  depends  on  angle  and  voltage  as  follows: 

A  =  2AnL/m  =  2(ne  -  no)02L/m  +  2n03rV/m 

The  choice  of  the  order  factor  m  is  governed  by  the  requirements  of  selectivity  and  necessity 
of  having  only  one  transmission  peak  fall  within  the  laser  gain  curve.  Values  from  2  to  8  have 
been  used  in  our  experiments,  which  have  confirmed  the  theory  outlined  above.  As  expected, 
even  and  odd  values  of  m  give  output  polarizations  that  differ  by  90°. 

The  simple  filter  so  far  described  is  not  selective  enough  to  give  single  cavity-mode 
operation;  use  of  additional  intracavity  optics  will  be  necessary,  one  possibility  being  represented 
by  off-axis  etalons,  which  should  also  be  tuned  in  track  with  the  main  element.  However,  the 
simple  arrangement  has  allowed  preliminary  studies  of  transient  tuning  phenomena.  Some  results 
are  shown  in  Figure  2-4;  they  can  be  interpreted  as  showing  the  wavelength-vs-time  response  of 
the  tunable  laser  excited  by  a  400  V  step  function.  Most  of  the  ‘ringing’  appearing  in  the 
response  can  be  attributed  to  piezoacoustic  phenomena  in  the  electro-optic  crystal;  these  could  be 
counteracted  in  several  ways.  The  relatively  low  resolution  in  Figure  2-4  does  not  reveal  the 
multimode  structure  of  the  laser  spectrum;  higher  resolution  studies  will  require  the  use  of  a 
more  stable  cavity  and  associated  optics. 

Further  work  is  being  done  to  design  a  system  allowing  the  fast-tuning  random  access  of  a 
single  cavity  mode,  with  subgigahertz  mode  spacing;  a  demonstration  of  a  spatially  agile  beam 
with  the  required  resolution  then  will  become  feasible. 

V.  Daneu 


2.3  FREQUENCY  CONVERSION  USING  KTP 

The  study  of  the  feasibility  of  achieving  high-efficiency  tripling  of  1.645  fim  laser  radiation  is 
continuing.  It  was  noted  in  the  preceding  Solid  State  Technical  Report4  that,  of  the  commercially 
available  materials  for  this  application,  KT1OPO4  (KTP)  is  very  promising  and  the  various 
parameters  involved  in  the  frequency  tripling  of  KTP  were  calculated.  Now  an  experimental 
investigation  of  the  frequency  conversion  capability  and  damage  threshold  properties  of  KTP  has 
been  started. 
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Figure  2-4  Wavelength-  vs- time  transient  response  of  a  laser  driven  by  a  400  V  pulse  applied  to  the  intracavity 

E-0  tuning  cell 
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An  Er:YAG  laser  radiating  at  1.645  /im,  which  is  to  be  the  eventual  source  at  this  frequency, 
was  not  available.  Instead,  a  tunable  CO:MgF2  laser  optically  pumped  by  a  pulsed  1.32-/im 
Nd:YAG  laser  was  used.  The  Co:MgF2  laser  was  tuned  to  1.645  jjl m  and  experiments  were 
carried  out  to  characterize  the  laser  output  when  operating  in  a  Q-switched  mode.  The  laser  pulse 
shape  was  found  to  be  near  Gaussian,  with  a  pulse  length  rp  ~  1  /is.  The  Q-switched  pulse 
energy  from  the  Co:MgF2  laser  is  limited  to  ~10  mJ,  necessitating  the  use  of  a  relatively 
strongly  focused  beam  to  achieve  the  power  densities  required  to  obtain  significant  frequency 
conversion. 

The  frequency  tripling  is  to  be  carried  out  in  two  steps;  the  first  involves  second  harmonic 
generation  (SHG)  and  the  second  involves  summing  the  fundamental  and  frequency-doubled 
beams.  Therefore,  initial  frequency  conversion  measurements  were  carried  out  with  5-mm-long 
crystal  oriented  for  SHG  phase  matching  in  the  yz  crystal  plane.  The  necessary  power  densities 
were  obtained  using  lenses  of  local  lengths  f  =  20,  15,  and  10  cm.  The  SHG  efficiencies  obtained 
with  the  f  =  20  and  15  cm  lenses  are  shown  in  Figure  2-5  as  a  function  of  power  density.  The 
initial  slope  of  0.0525  %/mW,  when  corrected  for  Fresnel  reflection  at  the  crystal  surfaces, 
corresponds  to  an  internal  efficiency  slope  of  approximately  0.065  %/mW.  A  similar  crystal 
oriented  for  phase  matching  in  the  xz  crystal  plane,  by  virtue  of  its  larger  deff  value,  would  have 
an  internal  efficiency  slope  of  0.133  %/mW. 


Figure  2-5.  SHG  in  5  mm  KTP  crystal  as  a  function  of  input  power  density. 
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This  value  is  far  below  the  maximum  efficiency  slope  predicted  by  the  standard  SHG 
equation,  but  is  within  ^10%  of  the  value  obtained  by  Liu  et  al.5  (0.3  %/MW  at  X  =  1.064  /im 
in  a  3.9-mm-long  crystal)  when  account  is  taken  of  the  differences  in  wavelength,  crystal  length, 
and  figure  of  merit.4 

When  the  laser  beam  was  focused  onto  the  crystal  with  the  f  =  10  cm  lens,  the  power  density 
was  approximately  35  MW/cm2,  and  damage  was  observed  after  two  pulses.  The  damage 
occurred  on  the  input  surface,  was  circular  with  lOO-ptm  diameter  and  shallow.  In  the  work  of 
Liu  et  al.5  damage  occurred  at  250  MW/cm2  in  an  uncoated  KTP  sample  subjected  to  a  laser 
pulse  of  length  rp  =  15  ns.  This  result  is  consistent  with  a  power  density  damage  threshold  that 
varies  as  rp"l/2,  since  this  dependence  leads  to  a  predicted  threshold  of  31  MW/cm2  for  rp  =  1  /is. 
To  establish  if  this  damage  threshold  is  consistent  with  that  of  other  crystals,  further  study  was 
carried  out  with  a  different  KTP  crystal,  one  that  was  not  oriented  for  SHG  from  1.645-/im 
radiation. 

The  results  of  the  experiments  showed  that,  as  far  as  damage  thresholds  are  concerned, 
variations  between  KTP  samples  are  large  and  are  significant  even  within  a  single  crystal.  Under 
these  circumstances,  the  apparent  accord  in  damage  threshold  with  r^V2  noted  above  must  be 
considered  fortuitous.  Further  work  with  the  crystal  oriented  for  SHG  will  be  carried  out  to 
establish  if  a  similar  variation  in  damage  threshold  occurs. 

The  present  results  appear  to  preclude  the  use  of  a  single  long  (say,  rp  ~~  600  /is)  laser  pulse 
to  achieve  efficient  frequency  tripling  of  1.645  /im  radiation  in  KTP. 

An  alternative  approach  is  to  operate  with  a  long  train  of  short  pulses.  This  type  of 
operation  yields  higher  conversion  efficiency  for  a  given  average  input  power  level.  The  damage 
threshold  of  KT  P  irradiated  with  a  pulse  train  of  this  nature  remains  to  be  evaluated,  and  a 
Nd:YAG  laser  operating  in  this  manner  will  be  set  up. 

N.  Menyuk 
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3.  MATERIALS  RESEARCH 


3.1  GROWTH  AND  CHARACTERIZATION  OF  Ti:AI203  CRYSTALS 

The  broad  wavelength  tunability  of  the  Ti:Al203  solid  state  laser,  which  has  been  operated 
over  the  range  from  660  to  986  nm,  makes  this  laser  of  interest  for  a  number  of  applications.  In 
order  to  provide  high-quality  Ti:Al203  containing  various  Ti+3  concentrations  for  use  in  laser 
studies,  we  have  developed  a  thermal-gradient-freeze  technique  for  growing  single  crystals  of  this 
material.  A  charge  of  sapphire  crackle  and  single-crystal  Ti203  is  placed  in  a  tapered  tungsten 
crucible  that  ends  at  the  bottom  in  a  closed  capillary  containing  an  oriented  sapphire  seed.  A 
tungsten  cap  then  is  spotwelded  to  the  crucible  at  several  points  but  not  sealed.  The  crucible  is 
placed  in  a  furnace  that  has  a  cylindrical  tungsten-mesh  resistance  heater  enclosed  in  a  water- 
cooled,  stainless-steel  jacket.  Multilayer  molybdenum  heat  shields  are  used  for  thermally 
insulating  the  heater  and  the  crucible.  The  crucible  is  cooled  from  the  bottom  by  contact  with  the 
water-cooled  base  of  the  furnace,  so  that  the  temperature  increases  from  the  bottom  to  the  top  of 
the  crucible.  The  furnace  is  evacuated,  heated  sufficiently  to  melt  the  charge,  back-filled  with  Ar 
or  He  gas,  and  gradually  cooled  to  room  temperature,  causing  the  melt  to  solidify  slowly  from 
the  bottom  up. 

Seven  Ti:Al203  single  crystals,  each  weighing  about  100  g,  have  been  grown  by  the  thermal- 
gradient-freeze  technique  from  charges  containing  between  0.15  and  0.5  wt%  Ti203.  Figure  3-1  is 
a  photograph  of  the  most  recent  crystal,  which  was  grown  in  a  He  atmosphere  from  a  charge 
containing  0.5  wt%  Ti203.  The  seed,  which  was  oriented  parallel  to  the  optic  (c)  axis,  has  been 
removed  from  the  bottom  of  the  crystal.  A  number  of  gas  bubbles  (not  visible  in  the 
photograph),  which  are  clustered  in  a  small  region  near  the  top  of  the  crystal,  appear  to  be  the 
only  significant  internal  imperfections. 


> 
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Figure  3-1.  Single  crystal  of  Ti:AFOj  grown  by  thermal-gradient-freeze  technique  from  charge  containing 
0.5  wt%  TijOj. 
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The  relative  Ti3+  concentrations  in  the  crystals  have  been  monitored  by  optical  absorption 
measurements.  In  Figure  3-2,  the  absorptance  values  measured  with  a  spectrophotometer  at  seven 
positions  along  the  length  of  the  crystal  shown  in  Figure  3-1  are  plotted  as  a  function  of 
wavelength  from  350  to  1000  nm  for  light  polarized  parallel  to  the  c  axis.  The  band  peaking  near 
490  nm  is  due  to  transitions  between  the  2T2  lower  level  and  2E  upper  level  of  the  single 
d-electron  of  the  Ti3+  ion.  The  shoulder  on  the  long-wavelength  side  of  the  band  results  from 
Jahn-Teller  splitting  of  the  doubly  degenerate  2E  level.  The  splitting  at  the  peak  of  the  band, 
which  becomes  sharper  as  the  band  becomes  stronger,  has  not  been  observed  before  and  is 
unexplained.  The  apparent  absorption  in  the  700-900  nm  range  does  not  exceed  4%  of  the  value 
at  the  peak.  (For  a  different  crystal,  more  accurate  measurements  made  with  a  Ti:Al2C>3  laser 
source  have  shown  that  the  absorption  in  the  700-900  nm  range  is  only  about  1%  of  the  peak 
value  at  490  nm.) 


Figure  3-2.  Absorptance  spectra  for  light  polarized  parallel  to  the  c  axis,  taken  at  seven  positions  along  the 
length  of  the  crystal  shown  in  Figure  3-1. 
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The  absorption  coefficients  (a)  corresponding  to  the  peak  absorptance  values  for  the  spectra 
of  Figure  3-2  are  plotted  in  Figure  3-3  against  the  distance  from  the  top  of  the  crystal.  The  value 
of  a  increases  with  distance  from  the  seed  end,  as  a  result  of  the  increase  in  Ti3+  concentration 
due  to  normal  segregation  accompanying  directional  solidification.  The  maximum  value,  5  cm'1, 
which  is  believed  to  be  the  highest  value  of  a  so  far  obtained  for  TiiA^Oj,  corresponds  to  an 
estimated  Ti2C>3  concentration  of  0.19  wt%.  A  similar  variation  in  a  with  distance  from  the  seed 
has  been  observed  for  the  other  crystals,  and  the  values  of  a  vary  from  crystal  to  crystal  roughly 
in  proportion  to  the  concentration  of  Ti2C>3  in  the  charge. 

In  connection  with  the  Ti:Al2C>3  crystal  growth  program,  the  solid  solubility  of  Ti2C>3  in 
A12C>3  has  been  determined  by  using  x-ray  diffractometer  measurements  to  determine  lattice 
spacing  as  a  function  of  Ti2C>3  concentration  for  samples  annealed  at  temperatures  between  1300 
and  1750°C.  The  measured  solubility  increases  from  0.44  m/o  Ti203  at  1300°C  to  2.9  m/o  at 
1750°C,  the  reported  eutectic  temperature  for  the  Al2C>3-Ti203  system.  These  values,  which 
correspond  to  a  range  from  0.62  to  4.1  wt%  Ti203,  are  in  good  agreement  with  those  reported 
earlier  by  McKee  and  Aleshin1  for  1600°C  and  1700°C,  but  they  are  substantially  higher  than  the 
solubilities  reported  by  Roy  and  Coble2  for  1400-1700°C. 

R.  E.  Fahey  A.  J.  Strauss 

A.  Sanchez  M.  M.  Stuppi 


Figure  3-3.  Absorption  coefficient  corresponding  to  peak  absorptance  for  the  spectra  of  Figure  3~2,  plotted 
against  distance  from  the  top  of  the  crystal. 
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3.2  MONOLITHIC  INTEGRATION  OF  GaAs  MESFETs  AND  Si  MOSFETs 


Monolithic  GaAs/ Si  (MGS)  integration  has  the  potential  for  achieving  substantial 
improvements  in  VLSI  performance  by  complementing  Si  circuits  with  GaAs/AlGaAs 
optoelectronic  components  and  high-speed  electronic  circuits.  We  previously  have  reported  the 
fabrication  of  GaAs  MESFETs,3  GaAs  optical  MESFETs,4  and  GaAs/AlGaAs  diode  lasers5’6  on 
MGS  substrates.  We  now  have  fabricated  both  GaAs  MESFETs  and  Si  MOSFETs  on  such  a 
substrate. 

The  device  processing  steps  are  shown  in  Figure  3-4.  First,  Si  MOSFETs  are  fabricated 
(except  for  contact  openings  and  final  metallization)  on  selected  regions  of  a  Si  wafer.  Chemical 
vapor  deposition  then  is  used  to  cover  the  entire  wafer  with  layers  of  Si02  and  S^^  to  protect 
the  MOSFET  structures  during  GaAs  epitaxy  and  MESFET  processing.  Openings  are  etched  in 
the  Si02/Si3N4  to  expose  the  bare  Si  surface  in  the  areas  where  GaAs  devices  are  to  be 
fabricated.  Molecular  beam  epitaxy  is  employed  to  deposit  a  series  of  GaAs  layers  over  the  entire 
wafer,  yielding  single-crystal  GaAs  where  the  Si  has  been  exposed  and  poly-GaAs  elsewhere.  The 
conventional  recessed  gate  process  is  used  to  fabricate  GaAs  MESFETs  in  the  single-crystal 


(a)  Si  PROCESSING 


POLY-Si  GATE 


Si  SUBSTRATE 


CVD  OXIDE/NITRIDE 


THERMAL  OXIDE 


(b)  GaAs  EPITAXY 


SINGLE 

CRYSTAL 

GaAs 


(d)  Si  CONTACT 
METAL 


Figure  3-4  Processing  steps  for  monolithic  integration  of  Si  MOSFETs  and  GaAs  MESFETs. 
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regions,  and  the  poly-GaAs  is  etched  away  to  expose  the  SiC^/S^N^  Contact  openings  for  the 
MOSFETs  are  etched  in  the  Si02,  and  final  metallization  is  performed  to  complete  fabrication. 

Figure  3-5  shows  an  optical  micrograph  of  a  completed  GaAs  MESFET  and  an  adjacent 
Si  MOSFET.  The  gate  lengths  of  the  GaAs  and  Si  devices  are  1  pm  and  5  pm  respectively,  and 
the  gate  width  is  40  ^m  for  both  devices.  The  GaAs  MESFETs  have  well  behaved  characteristics, 
as  shown  on  the  left  side  of  Figure  3-5,  with  transconductance  of  about  150  mS/mm  and  output 
conductance  of  about  3.5  mS/mm.  The  gate  Schottky  diodes  have  a  breakdown  voltage  of  more 
than  10  V  and  negligible  leakage  current.  The  Si  MOSFETs  exhibit  normal  characteristics,  as 
shown  on  the  right  side  of  Figure  3-5,  with  transconductance  of  about  19  mS/mm  for  a  gate 
oxide  thickness  of  800  A.  These  results  demonstrate  that  the  GaAs  epitaxy  and  subsequent 
processing  have  little  effect  on  Si  device  performance. 

H.K.  Choi 
G.  W.  Turner 
B-Y.  Tsaur 


G«At  MESFET  Si  MOSFET 


Figure  3-5.  Optical  micrograph  of  GaAs  MESFET  arui  adjacent  Si  MOSFET  fabricated  on  the  same  GaAs  /  Si 
substrate,  together  w  ith  transistor  characteristics  for  each  device. 


23 


3.3  PICOSECOND  PHOTODETECTORS  FABRICATED 

IN  HETEROEPITAXIAL  GaAs  LAYERS 

One  of  the  major  applications  proposed  for  monolithic  GaAs/ Si  (MGS)  integration  is  the 
fabrication  of  high-data-rate  optical  interconnects  utilizing  GaAs/  AlGaAs  optoelectronic 
components  for  intra-  and  interchip  communication  between  Si  circuits.  In  an  earlier  attempt  to 
develop  GaAs  photodetectors  for  this  application,  we  fabricated  optical  MESFETs  in  GaAs 
layers  grown  by  molecular  beam  epitaxy  (MBE)  on  Si  wafers.4  The  fastest  of  these  devices  had 
rise  and  fall  times  of  ~5  and  ~10  ns.  We  now  have  fabricated  MGS  GaAs  photoconductive 
detectors  with  response  times  of  ~60  ps.  In  addition,  we  have  made  similar  detectors  with 
response  times  of  only  ~40  ps  in  GaAs  layers  grown  on  silicon-on-sapphire  (SOS)  wafers.  The 
latter  are  the  first  reported  devices  in  the  monolithic  GaAs/ SOS  (MGSOS)  material  system, 
which  offers  the  advantages  of  optical  transparency,  electrical  isolation,  and  improved  mechanical 
strength. 

Photoconductive  detectors  with  two  different  geometries  were  fabricated  in  undoped  GaAs 
layers  grown  by  MBE  on  commercial  Si  and  SOS  wafers.  Detectors  of  one  type  have 
interdigitated  contacts  with  4-fxm  gaps,  which  were  fabricated  by  using  a  photolithographic  liftoff 
technique  to  pattern  an  evaporated,  nonalloyed  Au  film  0.2  /urn  thick.  These  detectors  were 
packaged  in  grooved  alumina  substrates,  and  Au  ribbon  was  used  to  bond  the  contacts  to  RF 
connectors.  The  detector  response  was  measured  by  using  the  system  shown  schematically  in 
Figure  3-6.  A  diode  laser  emitting  at  0.86  /urn  was  driven  by  a  comb  generator  to  produce  a  train 
of  ~50  ps  infrared  pulses  that  were  focused  on  the  gap  region  of  the  biased  detector,  and  the  RF 
output  of  the  detector  was  fed  directly  into  the  50-fl  input  of  a  sampling  oscilloscope.  It  is 
estimated  that  this  system  can  measure  detector  response  times  down  to  ~50  ps  (FWHM). 

The  second  detector  geometry  was  used  in  making  measurements  on  MGSOS  devices  by  the 
correlation  technique  of  Auston,7  which  can  measure  shorter  response  times.  The  geometry  and 
measurement  scheme  are  shown  schematically  in  Figure  3-7.  Dual  detectors,  each  with  a  linear 
gap  of  4  /urn,  were  fabricated  on  a  square  MGSOS  wafer  1.3  cm  on  a  side.  The  active  areas  of 
the  detectors  were  defined  by  Au  microstrip  transmission  lines  patterned  by  the  liftoff  process 
used  for  the  interdigitated  detectors.  (This  design,  which  minimizes  parasitic  impedances,  could 
not  be  used  for  MGS  detectors  because  the  MGS  wafers  were  not  strong  enough  to  permit 
monolithic  fabrication.)  To  make  the  correlation  measurements,  the  pulsed  output  of  a  dye  laser 
was  split  into  two  beams,  one  of  which  was  chopped.  The  chopped  beam  was  focused  on  one  of 
the  dual  detectors,  which  was  dc  biased  and  acted  as  a  signal  generator.  The  unchopped  beam 
was  subjected  to  a  variable  delay  and  focused  on  the  other  detector,  which  acted  as  a  sampling 
gate.  The  signal  on  the  main  transmission  line  then  was  measured  with  a  lock-in  amplifier 
synchronized  to  the  chopping  frequency,  giving  the  correlated  response  of  the  detectors  as  a 
function  of  the  delay  time.  It  is  estimated  that  our  system  can  measure  detector  response  times 
down  to  ~20  ps  (FWHM). 

Figure  3-8  shows  the  pulse  response  measured  with  the  sampling  oscilloscope  system  for  a 
typical  interdigitated  MGS  photoconductive  detector.  The  FWHM  response  is  ~60  ps,  but  there 
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Figure  3-7.  Correlation  measurement  system  and  dual  detector  configuration. 


Figure  3-8.  Pulse  response  of  mterdigitated  MGS  photodetector. 
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is  a  tail  that  persists  for  about  150  ps.  Figure  3-9  shows  the  response  measured  with  the  same 
system  for  a  typical  interdigitated  MGSOS  detector.  In  this  case,  the  response  time  is  instrument 
limited  at  ~50  ps  (FWHM),  but  there  is  no  significant  tail.  For  both  MGS  and  MGSOS 
detectors,  the  response  does  not  depend  on  bias  voltage  but  is  sensitive  to  the  distribution  of 
illumination  in  the  gap  region. 


figure  J-9.  Pulse  response  of  inter  digit  ate  cf  MGSOS  photodetector 


The  observation  of  a  tail  in  pulse  response  for  MGS  detectors  but  not  for  MGSOS  detectors 
indicates  that  the  carrier  lifetime  is  significantly  longer  for  the  GaAs  layers  grown  on  Si  wafers 
than  for  those  grown  on  SOS  wafers.  Such  a  difference  in  lifetime  would  not  be  surprising,  since 
the  defect  density  is  expected  to  be  greater  in  the  GaAs-on-SOS  layers  because  of  the  high  defect 
density  in  SOS  Si  films. 

Figure  3-10  shows  the  correlation  peak  measured  for  a  monolithic  pair  of  MGSOS  detectors 
fabricated  from  the  same  wafer  as  the  interdigitated  detector  for  which  data  are  shown  in 
Figure  3-9.  The  FWHM  of  the  correlation  peak  is  ~80  ps,  which  corresponds  to  a  response  time 
of  ~40  ps  for  the  photodetectors  if  it  is  assumed  that  their  response  decays  exponentially.  The 
trace  also  includes  a  number  of  reflection  peaks  resulting  from  impedance  mismatches. 

We  also  have  measured  the  responsivities  of  interdigitated  MGS  and  MGSOS  detectors.  The 
measurements  were  made  by  comparing  the  current  outputs  of  these  detectors  to  the  current 
output  of  a  calibrated  Ge  photodiode  when  the  devices  were  successively  illuminated  by  the 
focused  output  of  a  He-Ne  laser  emitting  at  0.633  /im.  At  this  wavelength,  the  responsivity  of  the 
Ge  detector  was  3.47  X  10"1  A/W,  and  its  quantum  efficiency  was  68%.  At  a  bias  level  of  4.5  V, 
the  measured  responsivities  of  the  MGS  and  MGSOS  detectors  were  3.53  X  10'2  and  1.40  X  10'2 
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Figure  3-10.  Correlation  signal  from  monolithic  pair  of  MG  SOS  photocietectors. 


A/W,  respectively,  uncorrected  for  losses  of  approximately  50%  due  to  contact  shadowing  and 
40%  due  to  reflection. 

G.  W.  Turner  B-Y.  Tsaur 

G.  M.  Metze  H.  Q.  Le 

V.  Diadiuk 

3.4  STATIC  RANDOM-ACCESS  MEMORIES  FABRICATED  IN  ZONE-MELTING- 
RECRYSTALLIZED  SILICON-ON-INSULATOR  FILMS 

In  the  program  to  develop  integrated  circuit  technology  utilizing  silicon-on-insulator  (SOI) 
films  prepared  by  the  graphite-strip-heater  technique  for  zone-melting  recrystallization  (ZMR), 
fully  functional  1-K  static  random-access  memories  (SRAMs)  have  been  fabricated  in  such  films 
by  a  coplanar  CMOS  process.  The  SRAMs,  which  are  organized  in  a  1024  by  1  configuration 
and  contain  ~8,200  transistors,  are  superior  in  speed  performance  to  commercial  bulk  Si 
memories  of  similar  configuration.  These  SOI  memories  are  the  first  LSI  circuits  that  have  been 
fabricated  in  graphite-strip-heater  ZMR  films. 

Three-inch  SOI  wafers  with  a  0.5-^tm-thick  ZMR  Si  film  covering  a  1.5-jum-thick  Si02  film 
on  the  Si  substrate  were  used  in  circuit  fabrication,  which  is  accomplished  by  a  single-poly, 
single-metal  process  requiring  a  total  of  seven  photolithographic  masks.  The  main  processing 
steps  are  as  follows.  Device  isolation  is  achieved  by  a  coplanar  LOCOS  process  that  involves 
partial  etching  of  the  Si  film  in  the  field  region  followed  by  complete  oxidation  of  the  thinned 
film  to  form  the  isolation  oxide.  For  the  p-channel  transistors,  a  low-dose  boron  implant  of 
5  X  1010  cm-2  is  used  to  form  deep-depletion-mode  devices;  for  the  n-channel  transistors,  a  deep 
boron  implant  of  2.5  X  1012  cm'2  is  used  to  form  enhancement-mode  devices.  The  deep  implant, 
which  uses  an  ion  energy  chosen  to  locate  the  peak  of  the  boron  distribution  near  the  lower 
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Si()2  Si  interface,  also  serves  to  suppress  n-channel  hack  leakage  current.  An  additional  boron 
implant  is  performed  to  increase  the  doping  concentration  near  the  edges  of  the  n-channel 
transistors.  This  step,  known  as  the  channel-stop  process,  is  used  to  suppress  n-channel  edge 
leakage  current.  A  gate  oxide  with  nominal  thickness  of  500  A  is  grown  by  thermal  oxidation, 
followed  by  deposition  of  a  0.6-/am-thick  poly-Si  film  that  subsequently  is  doped  with  phosphorus 
by  ion  implantation  and  then  patterned  by  wet  etching.  An  unmasked  boron  ion  implantation  is 
performed  for  source-drain  doping  of  the  p-channel  devices,  and  a  selective  phosphorus  implant 
is  used  for  source-drain  doping  of  the  n-channel  devices.  An  oxide  layer  ~0.4  pirn  thick  is  formed 
by  chemical  vapor  deposition  and  then  densified  by  900°C  sintering,  which  also  activates  the 
implanted  source  and  drain  dopants.  Contact  openings  are  etched  and  Al-Si  metallization  is 
performed.  Processing  is  completed  by  H2  sintering  and  low-temperature  oxide  passivation. 

Figure  3-11  is  a  photograph  of  a  completed  SRAM  chip,  which  measures  about  3.8  X  5.1  mm. 


Figure  3-1 J  CMOS  I-K  statu  random-access  nternon  (SRAM)  chip  fabricated  in  zone-mehing-recnstallized 
Si-on-insulator  (SO!)  fdm. 
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The  memory  chips  are  housed  in  standard  dual-in-line  ceramic  packages  and  tested  at  room 
temperature  using  a  Tektronix  digital  analysis  system.  The  address,  chip  enable,  and  data  output 
characteristics  at  a  supply  voltage  of  5  V  are  shown  for  the  read  ‘0’  and  read  ‘1’  operations  in 
Figure  3- 12(a)  and  (b),  respectively.  For  these  operations,  the  chip-enable  access  times  are  32  and 
56  ns,  respectively.  For  a  commercial  bulk  CMOS  memory  (Harris  HM6518)  that  is  signal 
compatible  with  the  SOI  chips,  the  access  time  is  typically  100  ns.**  Access  time  for  the  read  ‘T 
operation  of  an  SOI  SRAM  is  shown  as  a  function  of  supply  voltage  in  Figure  3-13.  The  circuit 
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CHIP  ENABLE 


DATA  OUT 
(Read  'O') 


ADDRESS 
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DATA  OUT 
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ACCESS  TIME 

Figure  3-12.  Characteristics  of  SOI  SRAM  for  (a)  read  ‘O',  and  (b)  read  7'  operations. 
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Figure  3-13.  Chip-enable  access  lime  vs  supply  voltage  for  SOI  SRAM. 

operates  over  a  supply  voltage  range  from  2.5  V  to  7.5  V,  and  the  speed  improves  with  increasing 
voltage.  Several  fully  functional  chips  exhibiting  100%  bit  yield  have  been  measured,  although  the 
majority  of  the  chips  contain  a  small  percentage  of  nonfunctional  memory  cells. 

B-Y.  Tsaur 
C.K.  Chen 
V.J.  Sferrino 

3.5  HIGH-EFFICIENCY  DOUBLE-HETEROSTRUCTURE  AlGaAs/GaAs  SOLAR  CELLS 

Recent  analyses  have  shown  that  higher  efficiency  solar  cells  (even  though  more  expensive) 
have  the  potential  for  reducing  the  overall  cost  of  photovoltaic  systems.  We  previously  reported^ 
a  22%-efficient  shallow-homojunction  GaAs  cell  with  a  GaAs/AlGaAs  heterostructure  back- 
surface  field  (BSF).  We  now  have  developed  a  new  structure,  suitable  for  both  single-junction 
and  tandem  applications,  that  incorporates  a  shallow  AlGaAs/GaAs  heterojunction  and  a 
GaAs/AlGaAs  BSF.  Cells  fabricated  with  this  double  heterostructure  have  exhibited  global 
AMI  one-sun  efficiencies  as  high  as  23%. 

The  basic  double  heterostructure,  shown  schematically  in  Figure  3-14,  consists  of  a  p+ 
AlGaAs  layer,  a  p  GaAs  base  layer  and  an  n+  AlGaAs  emitter  layer,  with  thicknesses  of  0.5, 
4.5-5,  and  0.15  ^m,  respectively,  grown  on  a  p+  GaAs  substrate  by  organometallic  chemical 
vapor  deposition  (OMCVD).  Trimethylgallium,  trimethylaluminum  (TMA1),  and  arsine  were  the 
OMCVD  source  gases,  and  dimethylzinc  and  ^Se  were  the  dopant  gases.  The  AlGaAs  alloy 
composition  was  20  mole  percent  AlAs.  An  n+  GaAs  cap  layer  sometimes  was  used  for  ease  of 
front  contacting,  and  a  p+  GaAs  buffer  layer  always  was  employed  to  reduce  the  effects  of 
substrate  variations  or  defects  on  cell  performance. 
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Figure  3-14.  Schematic  cross  section  of  a  double- heterostructure  (DH)  solar  cell. 


Cell  fabrication  techniques  were  similar  to  those  used  for  GaAs  shallow-homojunction  cells.10 
Fabrication  was  completed  by  depositing  an  antireflection  coating  of  MgF/ZnS  or  MgF/TiOx  on 
the  front  surface.  Current-voltage  curves  were  measured  under  simulated  AMI  global  conditions 
using  a  rooftop  calibration.11 

Figure  3-15  shows  the  I-V  characteristic  under  simulated  AMI  illumination  for  our  best 
double-heterostructure  (DH)  solar  cell  at  25°C.  For  this  cell,  the  open-circuit  voltage  Voc  is 
1.05  V,  the  short-circuit  current  Jsc  is  25.3  mA/cm2,  and  the  fill  factor,  ff,  is  0.87,  giving  an 
AMI  one-sun  efficiency  of  23.1%.  For  our  best  single-heterostructure  (shallow-homojunction, 
heterostructure-BSF)  cell,  Voc  =  1.01  V,  Jsc  =  25.6  mA/cm2,  and  ff  =  0.86;  the  AMI  efficiency  is 
22. 2%.9  The  improvement  in  efficiency  for  the  DH  cell  is  due  to  the  increase  in  Voc,  which 
probably  occurs  because  the  higher-bandgap  emitter  contributes  less  to  the  dark  saturation 
current.12  v 

The  external  quantum  efficiency  values  for  the  cell  of  Figure  3-15  are  plotted  as  a  function 
of  wavelength  in  Figure  3-16.  These  efficiency  values  are  equal  to  those  obtained  for  single¬ 
heterostructure  cells.  Collection  of  current  generated  by  absorption  of  long-wavelength  photons  is 
excellent,  but  the  short-wavelength  response  indicates  that  the  anticipated  increase  in  current  due 
to  lower  absorption  in  the  AlGaAs  emitter  was  not  realized.  It  is  expected  that  the  short- 
wavelength  response  can  be  improved  by  optimizing  the  emitter  characteristics. 

To  grow  an  n-AlGaAs/p-GaAs  heterojunction  requires  the  superposition  of  the  n/p  junction 
and  the  AlGaAs/ GaAs  metallurgical  interface.  In  principle,  this  could  be  achieved  by  beginning 
the  injection  of  H2Se  and  TMA1  simultaneously  during  OMCVD  growth.  It  is  known,  however, 
that  H2Se  exhibits  a  memory  effect  in  GaAs  OMCVD13  and  has  a  greater  gaseous  diffusivity 
than  TMA1.  In  addition,  Se  has  a  greater  diffusivity  in  GaAs  than  Al.14  These  effects  tend  to 
displace  the  np  junction  from  the  AlGaAs/ GaAs  interface. 
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Figure  3-15.  Current-voltage  characteristic  under  one-sun  simulated  AMI  illumination  for  a  DH  solar  cell. 


Figure  3-16.  External  quantum  efficiency  vs  wavelength  for  the  cell  of  Figure  3-15. 
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In  preparing  the  initial  DH  solar  cell  wafer,  we  attempted  to  adjust  for  the  above  effects  by 
delaying  H2Se  injection  for  10  s  after  beginning  TMA1  injection.  Depth  profiles  of  this  wafer 
obtained  by  secondary-ion  mass  spectroscopy  (SIMS)  show  that,  in  spite  of  this  delay,  Se  initially 
was  incorporated  in  the  growing  GaAs  layer  well  before  the  start  of  AlGaAs  deposition.  In  fact, 
the  Se  concentration  became  sufficient  to  convert  the  GaAs  layer  to  n  type,  with  the  result  that 
the  wafer  contains  a  GaAs  homojunction  rather  than  an  AlGaAs/ GaAs  heterojunction. 

In  preparing  a  number  of  subsequent  wafers,  H2Se  injection  was  delayed  for  longer  times.  A 
heterojunction  was  obtained  for  delay  times  in  the  vicinity  of  50  s,  with  shorter  times  yielding 
GaAs  homojunctions  and  longer  times  yielding  AlGaAs  homojunctions.  The  ff  values  were 
greatest  for  cells  fabricated  from  wafers  with  delay  times  in  the  heterojunction  range  but  fell  off 
sharply  for  longer  delay  times.  The  Voc  values,  which  were  all  in  the  range  from  1.03  to  1.05  V, 
appear  to  be  independent  of  delay  time  and  thus  of  junction  location.  The  cell  of  Figure  3-15 
was  fabricated  from  a  wafer  with  a  small  estimated  junction  displacement. 

For  solar  cells  fabricated  from  a  given  material,  it  has  been  predicted15  that  the  normalized 
decreases  in  Voc  and  efficiency  with  increasing  operating  temperature  will  be  smaller  for  cells  with 
higher  Voc.  To  test  this  prediction,  I-V  measurements  were  made  on  a  DH  cell  and  a  shallow- 
homojunction,  non-BSF  cell  at  temperatures  between  10°C  and  80°C.  At  25°C,  Voc  was  1.04  V 
for  the  DH  cell  and  0.98  V  for  the  homojunction  cell.  As  predicted,  the  normalized  decrease  in 
was  lower  for  the  DH  cell  than  for  the  homojunction  cell.  Since  solar  cells  for  flat-plate  and 
concentrator  applications  are  actually  operated  above  40°C  and  80°C,  respectively,  this  lower 
temperature  dependence  gives  the  DH  cells  a  significant  advantage. 

R.P.  Gale*  G.W.  Turner 

J.C.  C.  Fan*  R.L.  Chapman* 
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4.  MICROELECTRONICS 


4.1  QUANTUM-WELL  CHARGE-COUPLED  DEVICES 

Charge-coupled  device  (CCD)  technology  using  GaAs  and  AlGaAs'  is  of  major  importance  in 
the  realization  of  a  new  high-speed  spatial  light  modulator1.  In  such  a  modulator,  the  quantity  of 
charge  in  the  CCD  channel  controls  the  electric  field  across  an  electroabsorptive  medium. 
Currently,  we  are  exploring  the  use  of  a  strong  electroabsorptive  effect  in  GaAs/ AlGaAs  multiple 
quantum  wells  (MQWs).  We  describe  here  the  successful  demonstration  of  a  new  CCD  structure 
whose  channel  comprises  a  GaAs/ AlGaAs  quantum  well.  The  channel  quantum-well  layers  were 
grown  on  a  MQW  structure,  thus  demonstrating  the  capability  of  integrating  CCDs  and  MQWs 
on  a  single  substrate. 

A  cross-sectional  view  of  the  integrated  CCD/ MQW  spatial  light  modulator  is  shown  in 
Figure  4-1.  The  material  layers  consists  of  a  p+  AlGaAs  ground  plane  followed  by  a  MQW 
consisting  of  alternating  undoped  layers  of  GaAs  and  AlGaAs.  MQW  structures  whose  layer 
thicknesses  are  of  the  order  of  100  A  have  been  shown  to  exhibit  strong  electroaosorption  effects 
involving  quantum-confined  excitons  when  an  electric  field  is  applied  normal  to  the  layers2.  We 
also  have  measured  these  effects  in  similar  structures  and  will  describe  them  in  future  reports. 

The  upper  layers  consist  of  two  AlGaAs  layers  (at  least  one  of  which  contains  some  n-type 
doping)  separated  by  an  undoped  GaAs  layer  (approximately  100-200  A  thick),  and  these  form  a 
quantum  well  channel  for  the  CCD.  A  Schottky-barrier  gate  structure  for  a  three-phase  CCD  is 
deposited  on  the  semiconductor  surface,  with  one  phase  or  set  of  gates  transparent  to  admit 
illumination  near  the  wavelength  of  the  exciton  resonances  into  the  device. 


A  =  A. 
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Figure  4-1.  Cross-sectional  view  of  an  integrated  quantum-well  CCD! MQW  spatial  light  modulator . 
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The  operation  of  this  device  is  explained  by  the  energy-band  diagram  of  Figure  4-2,  which 
was  calculated  for  a  structure  which  approximates  that  of  the  device  described  below.  The  band 
edges  shown  in  solid  lines  and  the  dashed  line  for  the  Fermi  level  correspond  to  the  thermal 
equilibrium  case  (labeled  ‘full  well').  The  GaAs  conduction  band  provides  an  energy  minimum  or 
quantum  well  that  draws  free  electrons  from  the  n-AlGaAs,  ideally  leaving  the  latter  totally 
depleted.  When  the  charge  from  this  well  is  drawn  off  either  by  an  adjacent  well  or  an  ohmic  • 
contact,  the  electron  quasi-Fermi  level  drops,  and  the  bands  bend  according  to  the  dashed  band 
edges  labeled  ‘empty  well.’  This  change  in  well  occupancy  causes  the  electric  field  across  the 
MQW,  and  therefore  its  optical  absorption,  to  be  modulated.  Thus,  the  radiation  passing  through 
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Figure  4-2.  Material  layer  sequence  and  energy-band  diagram  of  the  structure  of  Figure  4-1  for  the  full  well  or 
thermal  equilibrium  case  (solid  curves  and  dashed  line  for  the  Fermi  level)  and  for  the  empty-well  case  when  the 
carriers  are  removed  from  the  GaAs  CCD  quantum-well  channel  (dashed  curves). 
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the  transparent  gates  shown  in  Figure  4-1  will  emerge  from  the  bottom  of  the  device  with  a 
spatially  varying  intensity  pattern  derived  from  the  quantum-well  charge  pattern. 

We  have  fabricated  a  16-stage,  three-phase  CCD  using  the  structure  described  in  Figures  4-1 
and  4-2.  The  60-period  MQW  structure  consisted  of  undoped  80-A  GaAs  and  200-A  AlGaAs 
layers,  followed  by  a  400-A  layer  of  undoped  AlGaAs,  a  140- A  undoped  GaAs  layer,  a  40-A 
undoped  AlGaAs  isolation  layer,  and  a  1000-A  n-AlGaAs  layer  doped  to  2  X  1017  cm'3,  all 
grown  by  molecular  beam  epitaxy  (MBE).  The  AlAs  mole  fraction  was  30%  for  all  AlGaAs 
layers,  and  the  growth  took  place  at  a  substrate  temperature  of  715°C.  The  Schottky-barrier 
gates  were  10  /am  long  with  interelectrode  gaps  of  about  1  /am,  and  were  formed  in  a  single  layer 
of  Ti/  Au. 

An  example  of  device  electrical  performance  at  a  1.0-MHz  clock  rate  is  shown  in  Figure  4-3. 
The  input  to  the  device  is  a  sequence  of  eight  pulses  (upper  trace),  while  the  lower  trace  shows 
the  delayed  output.  The  charge  transfer  inefficiency  inferred  from  this  measurement  is  1.7  X  10'3 
per  transfer  (assuming  48  transfers),  and  remained  constant  when  the  time  between  pulse  bursts 
varied  from  1  /as  to  20  ms.  This  rules  out  bulk  trapping  as  a  cause  for  the  charge  loss,  at  least 
for  traps  whose  emission  time  lies  between  1  /as  and  20  ms.  The  absence  of  measurable  trapping 
effects  is  an  expected  result  of  the  carrier  confinement  to  the  relatively  small  volume  of  the 
quantum  well,  as  well  as  the  carrier  separation  from  known  trapping  centers  in  the  AlGaAs. 

More  likely,  the  loss  is  due  to  potential  wells  that  can  form  beneath  the  interelectrode  gaps.  This 
is  a  persistent  problem  in  the  planar-gate  structure  used  for  this  device,  and  efforts  are  being 
made  to  adapt  an  overlapping-gate  structure3  to  AlGaAs  to  alleviate  it. 


Figure  4-3.  Electrical  performance  of  a  16-stage  quantum-well  CCD  at  a  l -MHz  data  rate.  Upper  trace  is  an  input 
signal  of  eight  pulses,  w  hile  lower  trace  is  the  delayed  output  from  the  device. 
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As  suggested  by  Figure  4-2,  the  maximum  swing  in  channel  potential  was  less  than  1  V,  a 
value  that  is  too  low  to  provide  useful  changes  in  the  MQW  optical  transmission.  Although  the 
voltage  swing  can  be  increased  to  desired  levels  by  increasing  the  n-AlGaAs  thickness  or  doping, 
this  has  the  undesired  effect  of  placing  the  energy  minimum  in  the  n-AlGaAs.  We  are  studying 
modifications  to  the  structure  to  avoid  this  problem. 

W.D.  Goodhue 
B.E.  Burke 
KB.  Nichols 
G.D.  Johnson 


4.2  BALANCED  MONOLITHIC  MIXER  FOR  USE  AT  44  GHz 

Receiver  front  ends  for  satellite  applications  require  low  noise  devices  that  have  been  space 
qualified  to  withstand  shock  and  vibration  during  launch,  and  to  operate  reliably  for  many  years 
with  continuous  LO  power  and  cyclic  temperature  changes  as  the  satellite  passes  in  and  out  of 
earth’s  shadow. 

We  have  fabricated  a  novel  single-sideband  balanced  monolithic  mixer  suitable  for  use  in 
satellites  at  44  GHz.  The  mixer  has  a  single-sideband  noise  figure  of  6.5  dB  flat  to  within  0.5  dB 
over  a  2  GHz  band  centered  at  44  GHz.  The  monolithic  mixer  chip  is  located  at  the  intersection 
of  a  pair  of  orthogonal  waveguides,  producing  a  mixer  structure  that  is  simple,  compact  and 
rugged. 

The  design  of  the  balanced  monolithic  mixer  was  based  on  refinements  and  extensions  to  the 
single-ended  monolithic  mixer  described  previously4,  and  on  concepts  of  receiver  design  outlined 
in  a  recent  publication5.  This  design  aims  to  provide  an  embedding  impedance  to  the  Schottky- 
barrier  diode  that  falls  within  an  optimum  embedding  impedance  range  determined  from  the 
theoretical  work  of  Saleh6  and  the  work  of  Held  and  Kerr7.  Extensive  use  was  made  of  low- 
frequency  scale  models  of  monolithic  mixer  circuits  as  an  aid  to  developing  an  appropriate  circuit 
embedding  impedance  environment.  An  embedding  impedance  locus  obtained  by  network 
analyzer  measurements  at  the  diode  port  of  a  scale  model  of  a  monolithic  mixer  circuit  is  shown 
in  Figure  4-4,  with  frequencies  rescaled  to  the  design  frequencies.  As  can  be  seen  in  the  Figure, 
the  embedding  impedance  presented  to  the  diode  port  falls  within  the  optimum  embedding 
impedance  range  between  44  GHz  and  45  GHz,  and  presents  a  slightly  lossy  short  circuit  in  the 
vicinity  of  36.5  GHz.  Thus,  the  mixer  should  exhibit  intrinsic  image-enhanced  single-sideband 
operaton  for  image  frequencies  falling  in  the  frequency  region  about  36.5  GHz. 

The  main  features  of  the  balanced  monolithic  mixer  are  shown  in  Figure  4-5.  The  mixer 
may  be  thought  of  as  a  folded  magic-Tee  mixer  in  which  the  two  arms  containing  the  diodes, 
and  also  the  shunt  junction,  have  been  folded  and  placed  on  the  surface  of  the  GaAs.  This 
balanced  monolithic  mixer  is  actually  a  three-dimensional  monolithic  implementation  of  a  magic- 
Tee  mixer.  The  monolithic  mixer  chip  is  located  at  the  intersection  of  two  orthogonal 
waveguides;  it  terminates  the  signal  waveguide,  transforming  the  impedance  of  the  full-height 
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Projected  embedding  impedance  locus  for  a  monolithic  mixer  circuit  as  a  function  of  frequency. 
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Figure  4-5.  Balanced  monolithic  mixer. 
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signal  waveguide  and  matching  it  to  the  surface-oriented  diodes  of  the  monolithic  mixer  circuit. 
The  ground  plane  actually  serves  as  the  intersecting  wall  between  the  two  orthogonal  waveguides. 
The  broad  wall  of  the  orthogonal  LO  guide  opposite  the  slot  of  monolithic  mixer  chip  serves  as 
a  backshort  for  the  small  amount  of  signal  guide  energy  that  is  radiated  from  the  slot  into  the 
LO  guide.  The  Schottky  diodes  appear  in  parallel  to  the  LO  energy,  which  is  coupled  from  the 
reduced-height  waveguide  to  coplanar  line  on  the  surface  of  the  GaAs.  This  coplanar  line  also 
serves  to  combine  the  IF  outputs  from  the  two  diodes,  and  includes  on-chip  coplanar  filters  for 
LO  and  sum  frequency  rejection. 

The  monolithic  balanced  mixer  circuit  chip  is  alloy-bonded  into  a  gold  plated  kovar  carrier. 
The  kovar  carrier  also  includes  microstrip  bias-filter  circuits  and  a  microstrip  IF  output  circuit 
with  filtering  and  matching  functions.  The  kovar  carrier  with  integrated  balanced  monolithic 
mixer  is  mounted  in  a  split-block  waveguide  mixer  mount  that  contains  the  orthogonal  signal 
and  LO  waveguide  ports,  bias  connectors  and  IF  output  connector,  as  shown  in  Figure  4-6.  The 
completed  balanced  monolithic  mixer  is  shown  in  Figure  4-7. 

Fabrication  of  the  balanced  monolithic  mixer  uses  essentially  the  same  semiconductor 
fabrication  techniques  that  have  been  described  previously  for  the  single-ended  monolithic 
mixers4.  The  GaAs  monolithic  mixer  module  dimensions  are  0.2  X  0.1  X  0.011  in,  while  the 
kovar  carrier  dimensions  are  1.0  X  1.0  X  0.050  in. 

The  mixer  has  given  a  single-sideband  noise  figure  of  6.5  dB  over  a  2-GHz  band  centered  at 
44  GHz,  as  shown  in  Figure  4-8.  This  is  believed  to  be  the  lowest  noise  figure  measured  for  any 
room-temperature  monolithic  mixer.  These  results  have  been  achieved  with  mixers  that  do  not 
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Figure  4-6.  Balanced  44-GHz  monolithic  mixer  in  orthogonal  waveguide  structure. 
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Figure  4-7.  Assembled  44-GHz  balanced  monolithic  mixer. 


/ igure  4-8.  Balanced  monolithic  mixer  single-sideband  noise  figure  vs  frequency. 
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have  optimized  RF  and  IF  port  matching.  With  further  matching  of  signal  and  IF  ports  and 
optimized  on-chip  sum  frequency  termination,  even  lower  noise  figures  should  be  possible.  This 
mixer  can  be  easily  scaled  to  higher  frequencies,  maintaining  all  the  advantages  inherent  in  a 
balanced  mixer. 

B.J.  Clifton 
R.W.  Chick 

4.3  EXCIMER-LASER  ETCHING  OF  DIAMOND  AND  HARD  CARBON  FILMS  BY 
DIRECT  WRITING  AND  OPTICAL  PROJECTION 

Laser-induced  microchemical  etching  is  being  explored  as  an  alternative  to  ion  etching  with 
distinct  potential  advantages,  including  patterning  by  direct-writing  or  optical  projection  without 
contact  masks,  higher  etch  rates,  and  reduced  damage  to  fragile  substrates.  In  well-controlled 
systems,  short-wavelength  laser  sources  can  achieve  linewidths  of  0.2-0. 5  /im,  i.e.,  dimensions 
competing  with  refined  optical  lithography. 

Below  are  described  experiments  on  the  dry  etching  of  crystalline  diamond  and  of  diamond¬ 
like  carbon  thin  films  with  reactions  controlled  by  the  deep-UV  pulses  from  a  rare-gas  halide 
excimer  laser.  The  diamond-like  carbon  thin  films  were  explored  as  positive-acting  resists  for 
semiconductor  patterning.  Both  of  the  above  materials  are  chemically  inert  and  are  extremely 
hard  to  etch  under  either  wet  or  dry  etching  conditions.  The  ArF  laser,  at  193  nm  wavelength,  is 
particularly  suitable  for  interaction  with  diamond,  since  the  photon  energy  at  this  wavelength, 

6.4  eV,  is  higher  than  the  5.4  eV  bandgap  of  diamond.  Consequently,  the  crystal  is  highly 
absorptive  at  193  nm. 

In  the  direct  writing  geometry,  20-/im-wide  lines  were  etched.  Vertical  or  faceted  line  profiles 
were  obtained  with  etch  rates  ~1  /im/s  in  depth  (20  J/cm2,  20  Hz).  For  projection  patterning, 
chrome-on-quartz  transmission  masks  were  imaged  at  36x  reduction  onto  the  substrate.  Well- 
defined  gratings  — '1000  A  deep  with  periods  as  small  as  0.25  jum,  were  obtained  with  single, 
15-ns-long  pulses.  An  example  is  shown  in  Figure  4-9.  Note  that  the  linewidth  is  — 0. 1 3  ^m,  less 
than  the  wavelength  of  the  laser.  For  such  single-shot  exposures,  nearly  sinusoidal  features  with 
an  amplitude  close  to  the  half-period  (i.e.,  line  width)  dimension  are  achieved.  Deeper  structures 
can  be  obtained  with  multiple  pulsing,  although,  in  our  undamped  apparatus,  only  with  reduced 
dimensional  control  because  of  mechanical  vibration.  In  a  mechanically  stabilized  projection 
system,  etching  of  deep  gratings  with  0.25-jzm  period  or  less  should  be  possible. 

Two  processes  take  place  during  laser  irradiation:  conversion  of  diamond  to  graphite  and 
sublimation  or  reaction  of  carbon.  The  former  manifests  itself  in  a  deposit-like  morphology  (due 
to  the  lower  density  of  graphite  relative  to  the  initial  diamond),  in  increased  opacity  in  the 
visible,  and  in  a  dramatic  rise  in  electrical  conductivity.  The  rate  of  this  conversion,  as  measured 
by  optical  transmission,  exhibits  a  threshold  at  ~60  mJ/cm2,  and  then  increases  nonlinearly  with 
increasing  laser  fluence. 
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Figure  4-9.  Scanning  electron  micrograph  of  a  0.25-pm-period  grating  etched  in  monocrystalline  diamond  with  a 
0.193-pm  laser.  The  grating  was  generated  in  projection  with  one  15-ns  excimer-laser  pulse.  The  fluence  was  65  J/cm2. 

The  graphite  generated  at  the  diamond  surface  in  the  early  parts  of  a  laser  pulse  has  a 
smaller  absorption  length  than  that  of  the  diamond  (0.1  pm  compared  to  ~10  jum)  and  a  lower 
thermal  diffusion  constant  (1.4  cm2/s  compared  to  11  cm2/s  at  room  temperature).  Consequently, 
the  energy  of  the  latter  part  of  the  laser  pulse  is  deposited  and  localized  in  the  graphite  layer, 
leading  to  runaway  absorption  and,  at  high  laser  power,  to  vaporization.  Figure  4-10  is  a 
schematic  representation  of  the  processes  taking  place  during  excimer-laser-induced  etching  of 
diamond. 

The  large  temperature  difference  between  formation  and  sublimation  of  the  graphitic  layer  in 
vacuum  leads  to  an  accumulated  graphitic  ‘deposit’  in  the  lower-energy  wings  of  the  laser- 
illuminated  regions.  To  reduce  the  required  temperature  and  eliminate  accumulation  of  graphite, 
reactive  ambient  vapors  were  used  to  react  with  the  heated  graphitic  layer.  Volatile  products 
(CC14,  CO,  CO2)  at  temperatures  below  sublimation  were  formed,  and  the  amount  of  graphitic 
residue  was  reduced  dramatically.  The  best  results  were  obtained  with  gases  simultaneously 
photolyzed  during  the  pulse,  such  as  CI2,  O2,  NO2.  Under  typical  conditions,  free  radical 
densities  of  1017-1018  cm*3  are  generated  by  the  laser  near  the  surface.  Based  on  our 
observations,  these  radicals  react  with  near  unit  efficiency  with  the  hot  graphitic  layer. 

The  effectiveness  of  excimer-laser  etching  of  diamond  indicates  that  the  same  laser  may  be 
effective  in  etching  hard-carbon  thin  films.  These  films  have  been  shown  to  contain  carbon  in 
tetrahedral  bonding,  analogous  to  the  diamond  structure,  to  have  extremely  low  electrical 
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Figure  4-1 L  Scanning  electron  micrographs  at  two  different  magnifications  of  grooves  etched  in  GaAs  following 
exposure  of  the  carbon  thin  film  to  excimer-laser  irradiation  (0.5  J/cm2,  one  15-ns  pulse).  In  (a),  the  carbon  film  and 
the  laser- induced  etch  pattern  on  it  are  clearly  visible. 
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conductivity,  and  to  be  hard  and  very  resistant  to  chemical  attack.  These  same  properties  make 
them  potentially  attractive  as  resists.  A  GaAs  crystal  covered  by  a  2000-A-thick  carbon  film  was 
exposed  in  projection  as  described  above  to  one  193-nm  laser  pulse.  Following  the  laser  etching 
of  the  carbon  mask,  the  sample  was  wet  etched  in  a  GaAs  etchant  (CHjOH’.HjPO^^Oj  in  the 
ratio  3:1:1)  for  one  minute.  This  etchant  has  a  preferentially  lower  etch  rate  on  the  Ga  [111] 
surface.  The  processed  GaAs  exhibited  V-shaped  grooves  coinciding  with  the  grating  etched  by 
the  laser  in  the  carbon  thin  film.  The  grooves  had  a  period  of  2.8  fim  and  were  ~2.2  /im  deep 
(Figure  4-11).  Although  only  preliminary  experiments  have  been  completed,  such  films  show 
excellent  promise  as  resists  to  mask  both  wet  and  dry  etching.  Note  that  the  radiation  sensitivity 
(required  dose  ~0.5  J/cm2)  is  consistent  with  efficient  patterning  in  a  step-and-repeat  geometry 
with  a  small  commercial  excimer  laser. 

M.  Rothschild 

D.J.  Ehrlich 


4.4  HOT  JET  ETCHING  OF  GaAs  AND  Si 

Conventional  anisotropic  dry  etching  usually  is  accomplished  with  a  combination  of  energetic 
ions  and  chemically  reactive  species  produced  in  a  plasma  from  an  unreactive  gas.  This  report 
contains  a  description  of  a  new  dry  etching  technique  hot  jet  etching  —  requiring  no  energetic 
ions  or  plasma,  in  which  the  anisotropic  etching  is  obtained  from  a  directed  flux  of  chemically 
reactive  species.  The  reactive  species  are  obtained  from  the  thermal  decomposition  of  comparatively 
unreactive  gases.  The  etching  technique  has  the  advantages  of  simplicity  of  operation  and  a  large 
differential  etching  rate  between  the  mask  and  the  substrate  materials. 

The  etching  system  shown  in  Figure  4-12,  consists  of  a  Kaufman  ion  source  used  to  sputter 
clean  the  surface  of  the  sample  prior  to  etching,  a  resistively  heated  tube  (hot  jet)  through  which 
the  unreactive  gases  are  disassociated  to  form  a  directed  flux  of  hot  reactive  species,  and  a  liquid 
nitrogen  cold  trap  that  efficiently  pumps  both  the  unused  reactive  species  and  the  reaction 
products.  The  distance  between  the  hot  jet  and  the  sample  is  approximately  10  cm.  The  samples 
are  heat  sunk  to  an  air-cooled  plate  to  ensure  they  remain  near  room  temperature  during  etching. 
However,  even  samples  that  were  not  heat  sunk  during  etching  showed  no  thermal  effects  since 
the  heat  flux  on  the  samples  is  less  than  0.3  W  cm"2.  Similar  systems  have  been  used  for  ion 
beam  assisted  etching8’9  (IBAE).  Etching  is  accomplished  by  first  sputter  cleaning  the  sample, 
after  which  the  ion  beam  is  turned  off  and  the  reactive  species  produced  from  the  hot  jet  are 
allowed  to  etch  the  sample. 

The  production  of  the  reactive  species  depends  upon  the  unreactive  feed  gas,  the  temperature 
of  the  hot  jet,  and  the  chemical  and  thermal  stability  of  the  hot  jet.  Any  gas  consisting  of  two  or 
more  elements  can  be  decomposed  at  a  sufficiently  high  temperature.  But,  because  of  material 
limitations,  the  hot  jet  used  in  these  experiments  cannot  be  operated  much  above  2500°,  and  the 
addition  of  reactive  gases  may  limit  the  operating  temperature  still  further.  However,  even  at  this 
temperature,  many  gases  can  be  dissociated  into  free  radicals.  The  fractional  dissociation  of  the 
gas  into  free  radicals  depends  upon  the  gas  pressure  and  temperature.  The  calculated  percentage 
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Figure  4-12.  Diagram  of  the  hot  jet  etching  system. 

of  free  radicals  formed  in  a  hot  jet  as  a  function  of  temperature  is  shown  in  Figure  4-13.  These 
calculations  assumed  an  estimated  experimental  room-temperature  pressure  of  20  Torr  in  the  jet. 
Since  the  mass  flow  of  gas  is  held  constant  in  these  experiments,-  the  gas  pressure  in  the  hot  jet  is 
assumed  to  increase  with  the  square  root  of  temperature  and  the  percentage  of  gas  dissociation. 
Gases  like  F2,  Br2,  Cl 2,  CF3Br,  and  CF3CF3  can  be  decomposed  easily  into  free  radicals  at 
temperatures  less  than  1800°C.  However  gases  like  H2,  N2  or  CF4  require  higher  temperatures  or 
lower  gas  pressures  to  obtain  thermal  decomposition. 

The  stability  of  the  hot  jet  depends  upon  its  design.  Figure  4-14  is  a  drawing  of  one  of  the 
several  hot  jets  used  in  these  experiments.  It  consists  of  a  tungsten  tube  resistively  heated  to 
temperatures  between  1500°  and  2500°  C.  The  ends  of  the  tube  are  held  in  position  by  springs 
made  from  1  mm  tungsten  wire  and  the  gas  is  fed  into  the  tube  through  an  alumina  tube.  The 
hot  jet  shown  in  the  figure  was  designed  to  operate  with  Cl2  as  a  feed  gas.  Chlorine  is  known  to 
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Figure  4-13.  Percentage  of  radicals  formed  by  thermal  dissociation 


react  with  tungsten  at  temperatures  above  300°C,  forming  a  variety  of  volatile  tungsten  chlorides. 
However,  at  temperatures  above  1500°C,  tungsten  becomes  inert  to  Cl 2-  This  insures  that  the  hot 
jet  will  operate  with  Cl2  provided  all  the  tungsten  surfaces  that  will  come  in  contact  with  Cl2 
are  above  1500°C.  Hot  jets  have  been  operated  with  Cl2  for  up  to  an  hour  without  degradation. 
However,  when  these  jets  are  operated  below  1500°C,  the  Cl2  will  etch  the  tungsten  tube  away 
in  less  than  20  s.  Gases  like  CF3Br  are  comparatively  unreactive,  and  the  jet  design  is  not  critical. 

By  using  the  hot  jet  technique,  a  variety  of  materials  have  been  etched,  as  shown  in  Table  4-1. 
These  etching  rates  were  obtained  with  a  hot  jet  exit  pressure  estimated  between  20  and  60  Torr, 
a  sample  flux  equivalent  pressure  between  3  and  10  mTorr,  and  a  hot  jet  temperature  between 
1500°C  and  2500° C.  Since  there  is  no  ion  beam  used  during  the  etching  of  the  samples  (except 
to  sputter  clean  the  sample  surface),  high  differential  etching  rates  are  possible.  Etching  rates  of 
photoresist  and  Si02  were  too  small  to  measure,  <0.1  /um  min"1,  when  Cl2  was  used  as  a  feed 
gas.  Even  the  few-nanometer-thick  native  oxide  on  top  of  the  GaAs  sample  was  sufficient  to 
mask  the  sample  during  etching. 

Since  there  is  no  ion  beam  used  during  the  etching,  any  accumulation  of  material  on  the 
etching  surface  from  the  hot  jet  or  the  vacuum  system  could  cause  the  reduction  of  the  etching 
rate.  To  check  for  this,  the  etch  depth  into  GaAs  was  plotted  as  a  function  of  the  etching  time. 
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Figure  4-14.  Scale  drawing  of  the  hot  jet.  The  hot  jet  dimensions  were  found  not  to  he  critical. 


TABLE  4-1 

Hot  Jet  Etching 

(nm/min) 

Gas 

GaAs 

Si 

SiC>2 

Photoresist 

Cl2 

2-5* 

10 

<0.1 

<0.1 

CF3Br 

10 

10 

<0.1 

<0.1 

sf6 

<0.1 

200-300 

*  (/im/min) 
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The  etch  depth  was  found  to  be  a  linear  function  of  the  etch  time,  indicating  that  there  is  no 
evidence  of  contamination.  Etched  depths  as  deep  as  75  ;um  have  been  obtained  without  any 
indication  of  the  etch  rate  diminishing.  The  etch  rate  for  Cl2  feed  gas  on  GaAs  was  found  to  be 
linearly  dependent  upon  the  equivalent  flux  pressure  of  reactive  species  on  the  sample  up  to  a 
pressure  of  about  5  mTorr.  An  anisotropic  etch  ratio  of  the  etch  depth  to  the  undercutting 
distance  of  5,  which  is  obtained  by  hot  jet  etching  GaAs  with  Cl2,  is  acceptable  for  some  device 
fabrication  and  etched-through  holes  in  GaAs  wafers.  Etching  uniformity  better  than  10%  was 
obtained  over  an  area  of  4  cm  in  diameter. 

In  summary,  a  new  dry  etching  technique  has  been  described  that  does  not  require  directed 
ions  to  obtain  anisotropic  etching.  The  anisotropic  etching  is  obtained  by  a  directed  flux  of 
chemically  reactive  species.  Since  no  ions  are  involved  with  this  technique,  the  etching  is  purely 
chemical,  and  high  differential  etch  rates  are  possible,  At  present  only  a  very  limited  number  of 
gases  and  hot  jet  designs  have  been  used  with  this  technique. 

M.W.  Geis 
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5.  ANALOG  DEVICE  TECHNOLOGY 


5.1  DUAL-CHANNEL,  256-SAMPLE,  128-TAP  ANALOG-BINARY  CHARGE-COUPLED- 
DEVICE  (CCD)  CORRELATOR 

A  flexible  analog-binary  correlator  has  been  designed  for  use  in  a  wide  range  of  applications, 
such  as  radar  and  spread-spectrum  communications.  To  facilitate  application,  the  device  has  been 
made  as  self-contained  and  easy  to  use  as  possible.  To  assure  that  a  sufficient  number  of 
correlators  is  available  for  large-scale  programs,  two  commercial  CCD  foundries  have  been 
placed  under  contract  to  fabricate  the  device  in  parallel  with  fabrication  at  Lincoln  Laboratory. 

A  table  of  correlator  specifications  and  a  block  diagram  are  given  in  Table  5-1  and 
Figure  5-1,  respectively.  Although  fabricated  in  4-jum  NMOS  technology,  the  device  performance 
compares  extremely  favorably  in  every  category  with  the  goals  set  for  the  two  VHSIC  digital 
correlators  under  development  by  TRW  and  Hughes.  In  addition,  the  CCD  correlator  is  immune 
to  the  detrimental  effects  of  quantization  possible  with  digital  correlators  in  many  applications. 
The  description  that  follows  focuses  on  issues  of  interest  from  a  user  viewpoint. 

During  the  design  of  the  correlator,  heavy  emphasis  was  placed  on  simplifying  the  interface 
requirements.  Hence,  all  required  clock  circuitry,  bias  generators,  auto-zero  circuitry,  magnituding 


TABLE  5-1 

Correlator  Specifications 

Dual  256-Sample/1 28-Chip  Architecture 
I  and  Q  Differential  Outputs 
Minimum  Dynamic  Range  >50  dB 
Nonlinearity  <0.5% 

On-Chip  Magnitude  Circuit 
On-Chip  Clock  Drivers 
On-Chip  Static  Protection 
5-V  CMOS  Logic  Compatibility 
MILSPEC  Temperature  Range  Operation 
68-Contact  JEDEC  LCC  Package 
Device  Interchangeability 
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Figure  5-1  CCD  correlator  block  diagram . 


circuitry,  etc.,  have  been  integrated  on  chip.  The  use  of  CCD  technology  is  invisible  to  the  user. 
Aside  from  an  external  resistor  required  to  set  the  transconductance  in  the  analog  circuitry,  one 
need  only  apply  power,  digital  inputs,  and  the  analog  signal  to  operate  the  device.  All  inputs  are 
high  impedance  and  logic  inputs  are  5-V  CMOS  compatible. 

The  two  channels  on  the  chip  are,  except  for  the  output  magnitude  circuitry,  completely 
independent  and  may  have  different  reference  codes,  clock  rates,  etc.  Each  may  be  powered 
independently  up  or  down,  if  desired,  and  each  has  four  64-sample  sections  that  may  be  enabled 
or  disabled  independently. 

The  double-sampling  single-tapping  architecture  (i.e.,  sample  twice  per  code  chip  but  sense 
only  one  sample  per  chip  internally  at  a  given  time)  provides  considerable  flexibility.  Only 
alternate  samples  participate  in  the  correlation  each  clock  cycle.  This  means  that  in  addition  to 
double-sampling  one  waveform,  single-sampling  of  two  independent  waveforms  by  each  channel  is 
possible.  In  I  and  Q  applications,  for  example,  the  I  and  Q  inputs  may  alternate  between  the  two 
channels  (thereby  facilitating  MSK  demodulation).  If  one  of  the  two  independent  waveforms  is 
the  analog  zero  of  the  other,  then  a  high  accuracy  auto-zero  reference  is  available  at  the  output 
every  other  clock  cycle. 

To  facilitate  cyclic  code-shift  keying  (CCSK)  demodulation,  the  reference  code  program 
register  has  been  made  fully  static  and  incorporates  a  wraparound  feature  that  allows  easy 
reference  code  rotation.  A  multiplexer  at  the  input  to  the  program  register  selects  between  an 
external  input  and  the  output  of  the  program  register.  Code  rotation  is  effected  by  simply  placing 
the  MUX  in  the  correct  state  and  clocking  the  program  register.  When  the  reference  code  is 
rotated  to  the  desired  point,  the  reference  code  latches  are  updated. 

A  magnitude  circuit  sums  the  magnitudes  of  the  1  and  Q  outputs.  The  result  is  routed  off 
chip  through  a  buffer.  By  accomplishing  the  magnituding  on  chip,  a  considerable  reduction  in 
off-chip  hardware  is  realized,  and  summing  1  and  Q  magnitudes  reduces  to  one  the  number  of 
A/D  converters  required. 

In  the  second  iteration  of  the  correlator,  a  more  sophisticated  magnituding  circuit  may  be 
added,  which  yields  a  result  very  close  to  the  ideal  \  i"  +  Q2.  Because  of  the  decision  making 
required  in  this  circuit,  it  will  be  able  to  operate  up  to  half  the  maximum  rate  (25  MHz)  of  the 
raw  analog  output. 

The  quiescent  operating  points  of  the  correlator  outputs  are  not  ground  referenced  and  may 
vary  because  of  processing  and  temperature  changes.  In  order  to  facilitate  the  interface  to  an 
A/D  converter,  the  magnitude  output  has  on-chip  auto-zero  circuitry  that  establishes  the 
reference  potential  on  the  A/D  side  of  a  dc  blocking  capacitor.  In  this  way,  the  user  can  set  a 
drift-free  zero  reference  suitable  for  any  post-correlator  processing  circuitry. 

Wafers  made  using  the  Lincoln  Laboratory  pattern  generator  tape  have  been  received  from 
one  commercial  foundry,  and  the  yield  has  been  excellent.  Packaged  devices  from  these  wafers 
have  been  clocked  up  to  the  25-MHz.  design  goal  with  excellent  results.  Complete  characterization 
of  the  correlators  is  underway. 
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Figure  5-2  shows,  on  the  two  time  scales,  oscillograms  of  the  correlator  input  (upper  trace) 
and  output  (lower  trace)  at  a  10-MHz  clock  (sample)  rate  and  a  5-MHz  chipping  rate.  Because  of 
test  equipment  limitations,  the  signal  is  limited  to  one-third  of  full  scale.  The  input  is  a  cyclic 
maximal-length  sequence  of  length  127.  Ideally,  the  output  would  be  a  double  correlation  spike 
every  127  clock  cycles  with  flat  side  lobes  in  between.  As  can  be  seen  in  the  figure,  some  of  the 
input  signal  is  feeding  through  to  the  output.  The  cause  of  this  problem  has  been  isolated  and 
will  be  eliminated  in  the  final  mask  set. 


00  mV 
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Figure  5-2.  Code  input  (top  traces )  and  correlation  output  (bottom  traces)  displayed  at  (a)  5  ps/div  and  (b)  100  ns/  div. 

Despite  the  feedthrough  and  reduced  signal  level,  a  dynamic  range  of  40  dB  has  been 
measured.  This  fact  lends  confidence  that  the  final  version  of  the  device  will  reach  the  50-dB 
minimum  dynamic  range  goal.  The  high  speed  of  these  devices  makes  then  competitive  with 
surface-acoustic-wave  devices. 

S.C.  Munroe 

5.2  OPTICALLY  ADDRESSED  READOUT  OF  MOS  AND  MNOS  ARRAYS 

Solid-state  imagers  have  reached  densities  of  4  X  106  pixels  in  large  (5.5  cm  X  5.5  cm)  chips1. 
In  order  to  attain  densities  of  106  pixels  in  more  reasonable  areas  (1  cm2),  pixel  areas  of 
10  nm  X  10  mm  or  less  are  required.  Provision  of  conventional  charge-coupled  or  column- 
addressed  readout  circuits  will  severely  stress  photolithography  and  yield. 

An  optically  addressed  readout  technique  has  been  developed  that  replaces  the  on-chip 
electrical  readout  structures  with  a  scanning  optical  beam.  Pixels  are  addressed  by  the  beam, 
which  causes  the  addressed  cells  to  discharge  into  the  substrate.  Random  access  is  preserved  in 
an  array  that  requires  only  one  photolithographic  step  to  define  the  pixels. 
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This  technique  has  been  demonstrated  with  MNOS  pixels2^,  in  which  the  photogenerated 
carriers  are  stored  in  nonvolatile  form  in  the  nitride  gate  dielectric,  although  it  is  equally 
applicable  to  MOS  arrays.  Figure  5-3  is  a  cross  section  of  a  pixel.  Images  are  formed  by 
photogeneration  in  the  depletion  layer.  The  latent  image  represented  by  electrons  in  the  resulting 
inversion  layer  is  committed  to  nonvolatile  storage  by  the  application  of  a  large  write  pulse  to 
the  gate,  which  causes  tunneling  of  the  inversion  layer  electrons  to  traps  in  the  silicon  nitride. 
This  stored  charge  is  manifested  by  a  shift  in  the  pixel’s  Hatband  voltage  VFB.  Previously,  this 
has  been  sensed  by  a  capacitive  measurement2  or  by  the  nondestructive  replication  of  mobile 
inversion-layer  charge^. 


READOUT  BEAM  TRANSPARENT 


Figure  5-3.  Cross  section  of  MNOS  pixel  during  optically  addressed  readout.  The  pixel  is  discharged  by  hole-electron 
pairs  created  in  the  depletion  layer  by  the  readout  beam. 

The  optically  addressed  readout  proceeds  as  follows:  The  substrate  is  accumulated  to 
eliminate  any  inversion  charge  and  then  deep-depleted  by  a  bias  voltage  V.  The  substrate  current 
integrator  is  reset  before  the  readout  of  each  pixel.  When  the  readout  beam  illuminates  the  pixel, 
photogenerated  electrons  collect  in  the  inversion  layer  until  equilibrium  is  achieved.  During  this 
discharge  of  the  deep-depleted  pixel,  current  flows  in  the  substrate  and  is  integrated  in  the  off- 
chip  integrator.  The  net  charge  flow  is  the  difference  between  the  displacement  field  e0XE0  in  the 
oxide  before  the  beginning  of  the  discharge  and  the  field  eoxEi  m  oxide  after  equilibrium  is 
established.  The  predischarge  field  is 

e0XE0  -  -  q  Na  xd  =  -  [2qNAesi(V  -  VFB)]'/2  , 

where  xd  is  the  depletion  layer  width,  NA  is  the  substrate  doping,  and  es;  is  the  substrate 
permittivity.  The  approximation  is  based  on  the  depletion  approximation  (small  Debye  length) 
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and  further  neglects  the  voltage  drop  across  the  dielectric  caused  by  the  depiction-layer  field 
relative  to  the  drop  across  the  depletion  layer.  This  latter  approximation  is  valid  if 


/  2qNAesi  \l/2 
\  V  -  VFB  / 


«1, 


where  tjvj  is  the  nitride  permittivity  and  where  it  is  assumed  that  the  nitride  width  dN  is  much 
greater  than  the  oxide  width  dox.  The  approximation  holds  for  typically  thin  dielectrics  RSW  and 
lightly  doped  substrates.  The  equilibrium  oxide  displacement  field  is  again,  assuming  d^  »  dox. 


«o*E,  ~  ^  (V  VFB-^S)  , 

where  the  surface  potential  t//s  —  2 <//B  —  (2  kT/q)  In  (NA/n,).  The  measured  substrate  charge  flow 
is  then 


Q  =  Jldt=  eox(E,  E0)  —  -  VFB  2^B)-[2qNAtsi(V-VFB)]l/2 

The  first  teim  in  this  expression  produces  a  linear  dependence  of  Q  on  the  pixel  intensity  (as 
represented  by  VpB),  while  the  second  term  gives  a  square-root  nonlinearity.  In  practice  the 
second  term  may  be  made  small;  for  dN  =  600  A,  NA  =  2  X  1014  cm*3,  and  V  -  VFB  5  V,  the 
first  term  contributes  a  charge  of  4.5  X  10"**  C/m2  while  the  second  gives  0.2  X  10"^  C/m2. 

Optically  addressed  readout  was  demonstrated  using  1-mm2  capacitors.  Figure  5-4  shows  the 
measured  output  as  a  function  of  the  input  scene  level  ( not  readout  level).  One  curve  was 
obtained  by  a  conventional  capacitive  measurement  of  Vpg,  while  the  second  curve  was  obtained 
by  optical  readout.  The  saturation  displayed  by  both  curves  is  a  limitation  of  the  MNOS  writing 
process.  The  close  agreement  between  the  curves  validates  the  technique. 

The  technique  is  applicable  to  MOS  arrays.  In  this  case,  VFB  is  fixed  and  the  signal  is 
present  as  mobile  inversion-layer  charge.  The  effect  oj  this  charge  is,  in  this  readout  process, 
equivalent  to  that  of  trapped  charge  in  the  nitride  and  is  reflected  in  the  substrate  charge  flow  on 
a  nearly  one-for-one  basis.  In  effect,  exposure  to  the  scene  causes  a  partial  discharge  of  a  pixel 
before  readout. 

This  technique  is  promising  for  high-density  imagers.  Because  the  only  required 
photolithographic  step  is  the  definition  of  channel  stops  for  pixel  isolation,  pixels  can  be  made 
very  small.  In  addition,  groups  of  pixels  may  be  addressed  simultaneously,  for  example,  through 
a  mask,  to  produce  on-focal-plane  binary/analog  correlation.  The  high  output  capacitance  will, 
however,  limit  noise  performance,  as  in  charge-injection-device  imagers.4 

R.S.  Withers 
M.A.  Delaney 
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Figure  5-4  Measured  output  of  an  MNOS  pixel  as  a  function  of  the  stored  image  intensity .  One  curve  was  measured  by  a 
conventional  C(V)  determination  of  the  flat  band  voltage;  the  second  curve  was  measured  by  the  optically  addressed 
technique. 

5.3  A  SAW-BASED  COMMUNICATION  LINK  WITH  PRECISE 

TIME-OF-ARRIVAL  MEASUREMENTS 

The  extreme  need  for  high  performance  and  flexibility  in  military  communications  has 
caused  considerable  interest  in  packet  radio  networks.  A  demonstration  radio  that  exploits  signal 
processing  based  on  surface-acoustic-wave  (SAW)  devices  for  high-antijam-performance 
pseudonoise  (PN)  communication  has  been  developed. 

Because  of  the  varying  needs  of  tactical  situations,  it  is  desirable  to  provide  a  means  for 
trading  data  rate  for  processing  gain.  This  radio  selectably  operates  from  1.45  Mbps  to  44  bps, 
with  a  commensurate  and  nearly  optimum  trade  of  data  rate  for  processing  gain  of  18  dB 
to  61  dB. 

The  variability  of  multipath  profiles  between  mobile  users  results  in  problems  with  data 
demodulation  and  with  arrival-time  measurements  that  support  interradio  ranging.  Techniques 
have  been  developed  that  include  RAKE  demodulation  of  data  and  incoherent  integration  for 
detecting  weak  leading  multipath  components. 

In  this  radio,  SAW  convolvers  provide  programmable  matched  filtering  with  30-dB 
processing  gain  for  100-MHz  waveforms  with  continuously  changing  PN  spreading  codes.  A 
hybrid-correlator  technique  has  been  devised  to  extend  the  processing  gain  to  as  much  as  61  dB 
over  a  wide  processing  window5.  This  hybrid  analog/ digital  approach  utilizes  a  convolver 
matched  filter  and  a  binary-quantized  postprocessor.  The  analog  preprocessing  and  binary 
postprocessing  make  it  possible  to  overcome  the  limitations  encountered  when  using  either 
technology  alone. 
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Figure  5-5  shows  a  block  diagram  of  the  signal  processing  in  the  radio  modem.  The  analog 
matched  filter  preprocessor  is  composed  of  a  100-MHz  PN  code  generator,  a  minimum-shift¬ 
keying  (MSK)  modulator,  and  the  convolvers6.  The  code  generator  is  made  with  three  identical 
custom  thick-film  hybrids  and  ECL  logic.  A  VLSI  chip  from  the  DARPA  silicon  foundry  is 
currently  under  development  that  will  generate  the  code  in  eight  parallel  low-bandwidth  channels. 
The  reversed  code  generator  output  is  modulated  to  300-MHz  center  frequency  in  the  MSK 
waveform  generator  to  create  the  reference.  The  reference  is  convolved  with  the  incoming  signal, 
resulting  in  the  correlation  peak  out  of  the  matched  filter.  The  video  interface  removes  the  carrier 
from  the  matched-filter  output  and  binary  quantizes  the  envelope  using  various  methods  to  feed 
the  digital  postprocessor.  The  output  of  the  matched  filter  is  approximately  the  impulse  response 
of  the  communication  channel;  consequently,  the  multipath  signals  will  be  easily  discernible  at  the 
output  as  delayed  correlation  peaks.  The  time  resolution  of  the  output  multipath  profile  is  the 
reciprocal  of  the  spreading  bandwidth  of  the  waveform,  approximately  the  100-MHz  chipping 
rate.  Provided  there  is  sufficient  processing  gain  in  just  the  convolver  to  realize  adequate  signal- 
to-noise  ratio  (roughly  10  dB)  necessary  for  low-error-rate  data  demodulation,  the  binary  RAKE 
incoherently  combines  the  multipath  energy  within  the  processing  window  to  form  a  data 
decision.  If  the  convolver  processing  gain  is  insufficient,  the  binary  integrator  is  used  to  extend 
the  processing  (improve  the  signal-to-noise  ratio)  and  RAKE  demodulation  is  done  at  its  output. 
In  the  case  where  the  convolver  alone  is  used  for  data  demodulation,  the  binary  integration  is 
used  as  a  nonintrusive  background  process  to  look  for  previously  undetected  multipath  precursors 
that  represent  a  better  estimate  of  the  line-of-sight  transmission  path. 


Figure  5-5.  The  hybrid  analog / digital  signal  processor  located  in  the  modem. 
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In  general,  the  binary  integrator  accumulates  many  successive  matched-filter  outputs  on  a 
sample-bin-by-sample-bin  basis  to  extend  the  30-dB  processing  gain  provided  by  the  convolver  to 
greater  than  60  dB  In  the  particular  case  of  precursor  search,  the  data  value  that  is  imposed  on 
the  matched-filter  output  frame  must  be  removed  so  that  the  integration  occurs  on  a  unipolar 
precursor.  The  binary  integrator  stores  the  sampled  matched-filter  output  frame  while  the  data  bit 
is  being  demodulated.  The  data  value  then  is  stripped  off  the  stored  samples  so  that  the 
accumulation  of  matched-filter  frames  will  integrate  up  in  a  unipolar  fashion.  The  binary 
integrator  operates  on  256  sample  bins  simultaneously  in  a  processing  window  that  is  placed  just 
earlier  than  the  demodulation  processing  window.  The  precursor  search  is  performed  with  3-m 
resolution,  and  the  processing  gain  is  15  to  30  dB  over  the  original  30  dB  of  the  matched  filter. 
The  result  is  that  with  the  demodulation  of  a  thousand-bit  packet,  a  window  can  be  searched 
that  represents  a  half  mile  in  propagation  and  therefore  potential  improvement  in  registering  the 
time  of  arrival.  The  15-30-dB  range  of  processing  gain  results  from  the  incoherent  accumulation 
in  the  integrator.  At  low  signal-to-noise  ratios,  the  incoherent  processing  gain  is  a  strong  function 
of  the  input  signal-to-noise.  (Coherent  integration  may  instead  be  selected;  however,  the  radio 
requires  that  no  data  is  transmitted  and,  therefore,  requires  a  specialized  packet  type). 

The  90  kbps  data  with  the  incoherent  integration  is  illustrated  in  Figure  5-6.  The  figure  does 
not  show  the  limits  in  performance.  The  top  photograph  shows  the  time-domain  waveform  of  a 
received  MSK  signal  contaminated  with  noise  and  a  small  multipath  precursor.  The  large  signal 
is  of  the  order  of  -  10-dB  SNR,  and  the  small  precursor  is  of  the  order  of  -30-dB  SNR.  The 
second  photograph  shows  the  detectable  main  lobe  that  is  used  for  demodulation  and  the  initial 
estimate  of  the  time  of  arrival  of  the  signal.  The  precursor  is  barely  visible  and  is  ihdicated  by 
the  arrow.  The  bottom  trace  is  the  binary-quantized  running  data  decision,  which  has  only  noise 
when  not  located  under  a  multipath  peak.  The  next  Figure  is  a  consecutive  frame  out  of  the 
matched  filter.  Where  there  is  no  multipath  present,  the  binary  decision  is  seen  to  change 
randomly.  Under  the  large  main  lobe,  the  data  is  clearly  stable,  as  the  signal  dominates  the  noise. 
Under  the  precursor,  the  output  is  only  somewhat  stable  since  it  is  substantially  influenced  by  the 
noise.  In  the  fourth  photograph,  the  top  trace  is  the  readout  clock,  and  the  bottom  trace  is  the 
detected  output  out  of  the  binary  integrator  with  a  different  time  scale.  The  detection  to  the  right 
is  that  of  the  large  main  lobe  and  to  the  left  is  the  precursor.  Each  clock  cycle  represents  3  m  in 
range.  The  distance  between  the  large  signal  detection  and  the  precursor  detection  is  the  corrected 
time-of-arrival  estimate  that  is  available  after  the  data  packet  is  demodulated. 

A  SAW-based  signal  processor  has  been  discussed  for  application  to  network-radio 
technology  that  utilizes  a  digital  postprocessor  for  RAKE  demodulation  and  time-of-arrival 
measurements  in  a  diffuse  multipath  channel.  The  operation  of  a  hybrid  correlator  to  perform  a 
multipath-precursor  search  with  3-m  resolution  over  a  half-mile  range  was  demonstrated  in  the 
laboratory.  Future  work  will  include  field  demonstrations  of  these  circuits  in  various  terrains. 

J.H.  Fischer 
R.R.  Boisvert 
J.H.  Cafarella* 


*  Author  not  at  Lincoln  Laboratory. 
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Figure  5-6.  Incoherent  binary  integration  for  finding  a  precursor.  The  top  photo  is  the  input  to  the  matched  filter.  The 
two  middle  photos  are  consecutive  output  frames  from  the  matched  filter,  each  containing  a  data  bit.  The  precursor  can 
just  barely  be  seen  but  will  integrate  up  out  of  the  noise  to  a  detectable  level  in  the  binary  integrator.  The  two  data  bits  are 
the  same  in  this  case  as  can  be  seen  by  the  output  appearing  on  the  sum  port.  The  running  DPSK  decision  that  is  stored  for 
the  binary  integrator  also  is  displayed.  The  bottom  photo  shows  the  result  out  of  the  binary  integrator  after  detection.  The 
precursor  location  with  respect  to  the  large  signal  represents  the  improvement  in  the  time-of  arrival  measurement. 
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